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One of the enduring attractions of metallic glasses (MGs) is their impressive 
suite of mechanical properties, such as high strength, high hardness and high elastic 
strain limit. However, the widely recognized shortcoming of MGs is their highly 
localized plastic deformation mode, usually leading to limited plasticity/ductility 
under room temperature and uniaxial-stress states. For crystalline materials, the 
intrinsic relationship between their mechanical properties and crystal structures has 
been well established with the development of dislocation theory, which can explain, 
in general, the atomic origins of their strength and plasticity/ductility. In contrast, for 
amorphous materials, theories on the controlling factors of their strength and 
plasticity/ductility at temperatures well below their glass transition points (Tg) are far 
from complete.  
This work employs uniaxial compression tests and materials characterization 
methods to study mainly the shear band behaviors of monolithic bulk metallic glasses 
(BMGs) at room temperature. Through combining experimental results with the 
mechanics and thermodynamics analyses, this work aims to reveal, essentially, the 
plastic deformation and fracture mechanism of MGs. The ultimate goal of this work is 
to provide insights for improving the mechanical performance of MGs. 
 vii 
The MGs, usually termed as (quasi-) brittle materials, are expected to be flaw 
sensitive and should in principle exhibit scattering in their fracture strength. Through 
investigating the strength variation of BMG samples in the framework of 3-parameter 
Weibull statistics, the first contribution of this work is to provide a complete 
reliability assessment of BMGs. The BMGs were identified to exhibit high strength 
uniformity, manifested by high Weibull moduli. Moreover, the presence of a critical 
failure-free stress (FFS) was identified for BMGs, and a method for estimating the 
FFS was for the first time introduced to the BMG committee.  
In view of the conflicting reports of either “strain-softening” or 
“strain-hardening” for BMGs, the second goal of this work is to study their true stress 
for continuous shear banding. By properly taking the instant load-bearing area into 
consideration, our analyses reveal that the critical stress for continuous shear banding 
maintains invariant on and after yielding, suggesting neither “strain-softening” nor 
“strain-hardening”. This finding is significant in that it points out that the atomic 
cohesive energy constantly serves to be the controlling factor of the critical stress for 
shear banding.  
The third, which is also the major contribution of this thesis, is to establish a 
shear-band instability index (SBI) that quantitatively sets the condition where high 
plasticity in MGs can be obtained, i.e., small samples on stiff machines in general. 
The theory of SBI has also led us to a more comprehensive understanding of the 
mechanism of the plastic deformation in MGs via simultaneous operation of multiple 
shear bands versus a single dominant one. This concept provides a theoretical basis 
 viii 
for designing systems which promote plasticity/ductility in MGs by suppressing or 
delaying shear-band instability. On the other hand, since most of the previously 
reported results on the mechanical behaviors of MGs are perhaps entirely interpreted 
without incorporating the influence of the testing machine, the concept of SBI is of 
fundamental importance for a shift of paradigm in the future study of MGs.  
The fourth contribution of this work is to uncover the mechanisms of the plastic 
serrated flow and fracture of MGs. It has been identified that the catastrophic fracture 
of MGs always follows a cooperative shear event, the length scale of which is 
correlated with both the sample size and the machine stiffness. An estimation of the 
temperature rises in the shear band due to the work done during the shear reveals that: 
the temperature rises in small samples are insignificant, leading to the serrated flow 
without catastrophic fracture, while those in large samples are sufficiently high so that 
the temperatures in the shear band are over their glass transition or even melting 
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The widespread enthusiasm for research on metallic glasses (MGs) is driven by both a 
fundamental interest in the structure and properties of disordered materials and their 
unique promise for structural and functional applications. In the first chapter, the 
progresses that have been made thus far will be briefly reviewed. Chiefly, the 
mechanical behaviors of MGs will be reviewed in detail from both macroscopic and 
microscopic perspectives. The objectives of my research work and the outline of this 
thesis will be pointed out at the end of this chapter. 
 
1.1 Historical background and development of MGs 
 
Generally speaking, metallic glasses (MGs) are metal alloys with no long range 
atomic order. They are prepared by rapid solidification of the alloying constituents so 
that the process of nucleation and growth of crystalline phases can be kinetically 
1. Introduction 
2 
bypassed to yield a frozen liquid configuration [1], as illustrated in Figure 1.1. Since 
the landmark discovery of amorphous alloys by Duwez in the Au-Si alloy by rapid 
quenching techniques in 1960 [2], a plethora of research had been carried out to 
discover MGs in various alloy systems, which was facilitated by the development of 
continuous casting processes for the commercial manufacturing of metallic glass 
ribbons and sheets [3] during 1970’s.  
 
 
Figure 1.1 A schematic diagram of glass formation by rapid quenching of a liquid without 
crystallization. Line A corresponds to crystallization at a low cooling rate, and Line B 
corresponds to vitrification at a high cooling rate. 
 
From kinetic considerations, bulk glass formation in metallic systems requires a 
low cooling rate to avoid the nucleation and growth of detectable fraction of crystals 
in quenching molten alloys. Critical cooling rate is thus accepted as a reliable 
1. Introduction 
3 
reference for judging the glass forming ability (GFA) of BMGs. The rapid cooling 
rate as high as 104~107 K/s for the above-mentioned rapid quenching techniques 
implies that the critical thicknesses of MGs are in the order of a few hundred microns 
which limit the envisioned engineering applications. Advancements were made in 
1974 when Chen [4] discovered MGs in the ternary Pd-Cu-Si and Pd-Ni-P alloy 
systems with critical thicknesses of 1-3 mm which were formed at a significantly 
lower cooling rate of 103
 
K/s. If the millimeter scales are arbitrarily defined as bulk, 
then these ternary alloys were the first examples of bulk metallic glasses (BMGs). 
During the late 1980s, the Inoue group found exceptional glass forming ability in 
Mg [5-7] and Ln-based [8-10] ternary alloys and fabricated fully glassy rods and bars 
with the thickness of several millimeters. The availability of MGs in bulk form 
permits detailed studies of their amorphous microstructures and mechanical behaviors. 
Inoue’s pioneering work in the GFA study also opened the door to the development of 
other classes of BMGs. In 1993, Johnson and co-workers reported large samples of 
Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vitreloy 1) formed as rods with 14 mm in diameter using 
conventional metallurgical casting method with a low cooling rate of about 1 K/s [11]. 
Since then, Johnson’s group has developed a series of monolithic Vitreloy alloys 
(Zr-based, with and without Be), the discovery of which led to the formation of 
Liquid Metal Technologies, Inc., a manufacturer of metallic glasses for a variety of 
commercial products. Up to date, BMGs with a critical thickness of larger than 1cm 
have been found in Pd- [12-15], Zr- [16-18], RE- [19-22], Mg- [23,24], Pt- [25], Fe- 
[26-28], Co- [29], Ni- [30], Cu- [31-33], Ti- [34], Hf- [35], Ca- [36] and Au- [37] 
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based multi-component (more than three constituent elements) alloy systems, among 
which the largest one has been the Pd40Cu30Ni10P20 BMG with a critical casting 
thickness of 72 mm [15]. Table 1.1 summarizes the representative BMGs with the 
largest critical casting diameter in corresponding alloy systems. 
 
Table 1.1 Representative BMGs with the largest critical casting diameter in corresponding 
alloy systems. 
System Alloy Critical 
size Dc 
(mm) 
Method Year Ref. 
Pd-based Pd40Cu30Ni10P20 72 Water quenching 1997 [15] 
Zr-based Zr41.2Ti13.8Cu12.5Ni10Be22.5 25 Copper mold casting 1996 [17] 
RE-based La65Al14(Cu5/6Ag1/6)11(Ni1/2Co1/2)10 30 Suction casting 2007 [22] 
 Y36Sc20Al24Co20 25 Water quenching 2003 [21] 
 Nd60Fe30Al10 12 Suction casting 1996 [19] 
Mg-based Mg59.5Cu22.9Ag6.6Gd11 27 Copper mold casting 2007 [24] 
Pt-based Pt42.5Cu27Ni9.5P21 20 Water quenching 2004 [25] 
Fe-based Fe41Co7Cr15Mo14C15B6Y2 16 Copper mold casting 2005 [28] 
Co-based Co48Cr15Mo14C15B6Er2 10 Copper mold casting 2006 [29] 
Ni-based Ni50Pd30P20 21 Copper mold casting 2007 [30] 
Cu-based Cu46Zr42Al7Y5 10 Copper mold casting 2004 [31] 
 Cu44.25Ag14.75Zr36Ti5 10 Copper mold casting 2006 [32] 
 Cu49Hf42Al9 10 Copper mold casting 2006 [33] 
Ti-based Ti40Zr25Cu12Ni3Be22 14 Copper mold casting 2005 [34] 
Hf-based Hf47Cu29.25Ni9.75Al14 10 Copper mold casting 2008 [35] 
 Hf48Cu29.25Ni9.75Al13 10 Copper mold casting 2008 [35] 
Ca-based Ca65Mg15Zn20 15 Copper mold casting 2004 [36] 




Table 1.2 Possible application fields of BMGs. 
Properties Application field 
High strength  Machinery structural materials 
High hardness Cutting materials 
High fracture toughness Die materials 
High impact fracture energy Tool materials 
High fatigue strength  Bonding materials 
High elastic energy  Sporting goods materials 
High corrosion resistance  Corrosion resistance materials 
High wear resistance  Writing appliance materials 
High reflection ratio  Optical precision materials 
High hydrogen storage  Hydrogen storage materials 
Good soft magnetism  Soft magnetic materials 
High frequency permeability  High magnetostrictive materials 
Efficient electrode  Electrode materials 
High viscous flowability  Composite materials 
High acoustic attenuation  Acoustic absorption materials 
Self-sharpening property  Penetrator 
High wear resistance and manufacturability  Medical devices materials 
 
Due to their unique structural characteristics and metallic nature, metallic glasses 
have a number of outstanding properties, which make them potential engineering 
materials. Table 1.2 summarizes the attractive properties and the corresponding fields 
in which the bulk metallic glasses can be applied. Until now, the commercialization of 
BMG products has already succeeded in the following areas: (1) tungsten-loaded 
composite BMGs [38] for defense applications such as armor and submunition 
components; (2) thinner forming technologies [39] for electronic casings such as 
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mobile phones, handheld devices (PDAs), and cameras; (3) medical devices such as 
reconstructive supports, surgical blades, fracture fixations, and spinal implants; and (4) 
fine jewelries such as watch casings, fountain pens, and finger rings. Besides, their 
ability to be deposited as thin films makes metallic glasses attractive for many MEMS 
applications, some of which are already on the market. Considering the recent 
significant extension of application fields, it is expected that the future will see an 
ever-increasing use of bulk amorphous alloys as basic science and engineering 
materials in their own right. 
 
1.2 Formation of MGs 
 
Earlier approaches to the fabrication of BMGs were mostly empirical in nature. Later, 
researchers gradually understood that correct choices of the constituent elements 
would lead to the BMGs formation with large critical sizes. Actually, the intrinsic 
factors of the alloys, such as the number, purities, atomic sizes of the constituent 
elements and the cohesion among them play more important roles in the glass 
formation than the cooling rate applied. It has been found that the GFA in BMGs 
tends to increase as more components with large atomic size mismatch and negative 
heats of mixing are added to the alloy. The atomic configurations of this kind of alloys 
favour the glass formation, which can be demonstrated in terms of both 
thermodynamics and kinetics.  
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The ability to form a glass by cooling from an equilibrium liquid is equivalent to 
suppressing crystallization within the supercooled liquid. If the steady-state nucleation 
is assumed, the nucleation rate is determined by the product of a thermodynamic 














= − ∆ 
                       (1.1) 
where A is a constant, η  is the equilibrium viscosity of the supercooled liquid, SLγ  
is the interfacial energy between the solid and liquid phase, Bk  is the Boltzmann’s 
constant, T is the temperature, and L S L SG G G−∆ = −  is the driving force for 
crystallization, which equals to the free energy difference between the liquid state LG  
and the crystalline state SG . Based on this equation, the thermodynamic factor 
L SG −∆  and the kinetic factor η  are crucial parameters for understanding the glass 
formation in multicomponent alloys. 
From thermodynamics considerations, bulk glass formers naturally exhibit a low 
driving force for crystallization in the supercooled liquid. The low driving force 
results in low nucleation rates and therefore improved GFA. The Gibbs free energy 
difference L SG −∆  between the supercooled liquid and crystalline solid can be 
calculated by integrating the specific heat capacity difference ( )L SpC T−∆ according to 
the Eq. (1.2) 
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∆ = ∆ − ∆ − ∆ +∫ ∫        (1.2) 
where fH∆  and fS∆  are the enthalpy and entropy of fusion, respectively, at the 





Figure 1.2 Difference in Gibbs free energy between the liquid and the crystalline state for 
glass-forming liquids. The critical cooling rates for the alloys are indicated in the plot as K/s 
values beneath the composition labels, reproduced from [41]. 
 
Based on the thermodynamic data, Busch et al. [42,43] had systematically 
studied the thermodynamic functions of the typical bulk glass-forming supercooled 
liquid. Figure 1.2 shows the L SG −∆  as a function of temperatures that are 
normalized to the melting temperatures for a selection of glass forming systems [41]. 
Qualitatively, the GFA, indicated by a critical cooling rate, scales inversely with the 
driving force for crystallization L SG −∆ . The ZrTiCuNiBe BMGs with a dramatically 
low critical cooling rate as well as a low driving force for crystallization have the 
highest GFA among the selected BMGs as shown in Figure 1.2. On the other hand, a 
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low L SG −∆  means a small enthalpy of fusion fH∆  and a large entropy of fusion 
fS∆ . It turns out that a smaller L SG −∆  mainly originates from a larger fS∆  [41], 
since fS∆  essentially determines the slope of the free energy curve at the melting 
point in Figure 1.2. Accordingly, multi-component alloy systems exhibiting relatively 
large configurational entropies of mixing are naturally with small driving force for 
crystallization, reasonably giving rise to high GFA. 
From the perspective of kinetics, viscosity is a key parameter that determines the 
nucleation and growth of crystals in the supercooled liquid. For BMG materials, it has 
been shown that the equilibrium viscosity η  measured in their supercooled liquid 
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                       (1.3) 
where 0T  is the Vogel-Fulcher temperature, at which the barriers with respect to flow 
will go to infinity, and D is known as the fragility parameter which identifies the 
property of liquid. The change of viscosity of a liquid as a function of supercooling 
reflects the change of mobility of atoms during the period, and thus can be used to 
characterize different liquids. Figure 1.3 [44] compares the viscosities of some BMGs 
with a selection of typical glass-forming non-metallic liquids in an Arrhenius plot, in 
which the inverse temperature axis is normalized with respect to glass-transition 
temperature Tg. On this normalized scale, the melting point is at ~0.6. All the curves 





Figure 1.3 Angell plot comparing the viscosities of different types of glass-forming liquids, 
reproduced from [44]. 
 
Strong glasses, such as SiO2 are one extreme. Their viscosities exhibit 
temperature dependence similar to Arrhenius behavior. Therefore, they maintain 
relatively high viscosities at high temperatures. On the other hand, fragile glasses such 
as pure metals and most polymers represent the other extreme where viscosity sharply 
drops as temperature is increased, resulting in a low melt viscosity. The available 
viscosity data of BMG forming liquids show that they behave closer to strong glasses 
than fragile glasses. Among typical BMG-forming alloys, the strongest ones have 
viscosities more than four orders of magnitude higher than those of the pure metals, 
which are kinetically very fragile. The strong liquid behavior implies high viscosity 
and sluggish kinetics in the supercooled liquid state, so that the nucleation and growth 
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of the thermodynamically favored phases is inhibited by the poor mobility of the 
constituents, leading to high GFA. This is also consistent with the above discussions 
that high GFA is promoted by multi-component systems with large atomic size 
mismatch, which may form dense and thus viscous liquids at the melting point and 
upon supercooling. 
 
1.3 Macroscopic mechanical behaviors of MGs 
 
1.3.1 Deformation map 
 
Along with the development of bulk metallic glasses, their mechanical properties have 
been studied extensively. According to the deformation map first developed by 
Spaepen in 1977 [45] on the basis of his free volume theory, there are two modes of 
deformation for MGs depending on the temperature, the applied strain rate and the 
glass condition (Figure 1.4): (1) Inhomogeneous deformation, in which metallic 
glasses deform at relatively low temperature and high strain rate. Deformation is 
localized in discrete, thin shear bands, leaving the rest of the material plastically 
undeformed. Upon yielding, metallic glasses often show plastic flow without work 
hardening, and tend to show work softening which leads to shear localization; (2) 
Homogeneous deformation, in which metallic glasses deform at relatively high 
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temperature and low strain rate, and each element of the glass is able to contribute to 
the deformation. 
The deformation map was later revisited by Argon [46,47]. Recently, Lu [48] and 
Schuh [49] updated this map in terms of “bulk” metallic glass instead of amorphous 
ribbons. In this thesis, we only focus on the region of inhomogeneous deformation of 
bulk metallic glasses. Before describing the mechanical behaviors and interpreting the 
mechanical data of MGs, two terms need to be afore-defined: (1) shear band, refers to 
the approximately planar volume of material that is sheared under a critical stress; (2) 
shear banding event, denotes the kinetic event of shear band initiation and 
propagation, which might be detected as a flow serration in the stress-strain curve. 
 
 
Figure 1.4 A schematic deformation map for an amorphous metal illustrating the temperature 




1.3.2 Mechanical behaviors at room temperature 
 
Without defects that lead to weakness in crystalline materials, bulk metallic glasses 
exhibit a remarkably high strength as well as high elastic strain limit [50], making 
themselves occupy a unique space in the Ashby plot [51] of the strength and elasticity 
of various engineering materials as shown in Figure 1.5. It is obvious that BMGs 
have high strength with the highest value exceeding 5 GPa for Co-based alloys [52]. 
Under tensile or compressive loading, the elastic strain limit of BMGs is about 2%, 
much higher than that of common crystalline metallic alloys, normally less than 1%.  
 
 
Figure 1.5 A schematic illustration of typical strengths and elastic strain limits for various 





Figure 1.6 (a) Compressive stress-strain curves of Zr59Cu20Al10Ni8Ti3 BMG samples and (b) 
corresponding fracture features observed by SEM; (c) tensile stress-strain curves of samples 
with the same composition and (d) corresponding fracture features, adapted from [53]. 
 
However, BMGs lack macroscopic plasticity/ductility under uniaxial stress states 
in geometrically unconstrained specimens. Conventional BMGs usually exhibit a 
compressive plasticity of ~1%, and no tensile ductility [50]. As shown in Figure 1.6, 
Zr-based bulk metallic glass samples fracture along one dominant shear band, which 
is near the maximum shear stress plane, exhibiting plastic strain of less than 1% under 
compression and zero plasticity under tension [53]. Generally, the lack of the intrinsic 
strain-hardening mechanism leads to a strong tendency for instability of the shear 
band in BMGs. Indeed, at very high stresses and room temperature, BMGs are 
sensitive to load perturbations and then deform exclusively through localization 
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processes caused by strain softening in the shear band, followed by catastrophic 
failure. Strain softening, recognized as an instability process, means that an increment 
of strain applied to a local volume element softens that element, allowing continued 
local deformation at ever higher rates. Under tensile loading, both mode I (i.e. 
cracking) and mode II (i.e. shear banding) instabilities can be observed. Under most 
other states of loading, localization usually occurs in a shear mode through the 
formation of shear bands.  
There have been many attempts to reduce the shear localization tendency and 
avoid the subsequent catastrophic failure of BMGs. A common way is to invoke a 
complex stress state in the glass structure. For example, under wire drawing, the area 
reduction of Pd77.5Cu6Si16.5 amorphous wires can be as large as 50% [54]; for 
confined compression (with an aspect ratio of ~1:2), a plastic strain of up to 80% has 
been reported for Zr52.5Cu17.9Ni14.6Al10Ti5 BMG [55]; Conner and colleagues [56] 
have observed that although thick plates fracture on bending, metallic glassy thin 
ribbons and wires can be bent plastically. Although these observations might be of 
interest for deformation processing of metallic glasses, the geometries are too 
restrictive to be generally useful for load-bearing application. A somewhat more 
general approach is to introduce a second phase into the glass matrix to produce bulk 
metallic glass matrix composites (BMGMCs) [17,38,57-66], which have been proved 
to show improved plasticity and even ductility. Very recently, Hofmann et al. [66] 
developed Ti–Zr-based BMG “designed composites” with room-temperature tensile 
ductility exceeding 10%, high K1C up to 170 MPa m1/2, and fracture energy G1C for 
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crack propagation as high as 340 kJ m-2. The K1C and G1C values are equal or surpass 
those achievable in the toughest titanium or steel alloys, placing BMG composites 
among the toughest known materials. The microstructures of two of the BMG 
composites labeled as DH1 and DH3 are shown in Figure 1.7(a) and (b), respectively, 
with the corresponding engineering stress-strain curves under tensile tests displayed in 
Figure 1.7(c). The typical appearance of the deformed composite sample is shown in 
Figure 1.8(a) where an obvious necking is observed, which is in great contrast to the 
brittle fracture of monolithic glass sample (see Figure 1.8(b)). The working 
mechanism of the second phases is through both promoting the initiation of a large 
number of shear bands (distributing the macroscopic plastic strain over as large a 
volume as possible) and inhibiting shear band propagation (reducing the shear strain 
on any one band and thus delaying fracture).   
 
 
Figure 1.7 SEM micrographs showing the microstructure of the BMG matrix composites 
labeled as (a) DH1 and (b) DH3 where the dark contrast is from the glass matrix and the light 
contrast is from the dendrites. (c) The corresponding tensile engineering stress-strain curves 
of composites DH1 and DH3, together with the curves of another composite DH2 and a 




Figure 1.8 (a) The SEM micrograph of necking in Zr39.6Ti33.9Nb7.6Cu6.4Be12.5 BMG matrix 
composites, and (b) Brittle fracture representative of all monolithic BMGs, adapted from [66]. 
 
Table 1.3 Recently-developed BMGs with large plasticity under compression. 





Zr64Cu26Al10 >22 1.5 2009 [67] 
Zr64.13Cu15.75Ni10.12Al10 >16.5 2 2008 [68,69] 
Zr62Cu15.5Ni12.5Al10 >15 2 2008 [69,70] 
Zr52.5Cu17.9Ni14.6Al10Ti5 >16 1.35 2008 [71] 
Zr62-xAl8Ni13Cu17Snx >10 1 2006 [72] 
Cu49Hf42Al9 10.5-13 1 2006 [33] 
Cu45Zr46Al7Ti2 32.5 2 2008 [73] 
Hf62Ni25Al13 >12 1.5 2009 [67] 
Pt57.5Cu14.7Ni5.3P22.5 20 3 2004 [74] 
 
In contrast to the conventional metallic glasses, more recently, a few monolithic 
bulk metallic glasses (see Table 1.3) have been reported to exhibit large compressive 
plasticity [33,67-74], as exemplified in Figure 1.9. The extensive plastic flow can be 
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observed in the compressive load-displacement curve (see Figure 1.9(a)) of the 
investigated sample. Typically, the plastic part of this curve is characterized by a 
serrated flow, composed of repeated elastic loading and plastic unloading, as 
schematically represented in the inset of Figure 1.9(a). Moreover, the plastic 
deformation is observed to occur locally along one dominant shear band, as shown in 
Figure 1.9(b). Apparently, the mechanism that leads to the arrest of the operating 
shear band plays a dominant role in sustaining the large plastic flow.  
 
 
Figure 1.9 (a) The compressive load-displacement curve of a Zr52.5Cu17.9Ni14.6Al10Ti5 
monolithic BMG sample, exhibiting extensive plastic deformation, and (b) the corresponding 
appearance of the deformed sample, demonstrating the localized plastic deformation mode 
along one dominant shear band, adapted from [71]. 
 
On the other hand, for those bulk metallic glasses with super-high compressive 
plasticity, there is unfortunately no clear experimental evidence to show tensile 
ductility in samples of comparable dimensions. This is likely to arise from the 
different loading condition under the tensile test that promotes both mode I and mode 
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II instabilities. Recently, and surprisingly, a report [75] on the tensile ductility 
achieved in a monolithic metallic glass has been published, which shows the samples 
with gauge dimensions of about 100×100×250 nm3 can display clear tensile 
ductility in the range of 23-45% through uniform elongation and extensive necking 
(see Figure 1.10(a)) or the stable growth of the shear offset (see Figure 1.10(b)). 
These observations suggest that under the tensile loading condition, small-volume 
metallic-glass samples can plastically deform in a manner similar to their crystalline 
counterparts, via homogeneous or inhomogeneous flow. The size effect that smaller 
samples can sustain larger plasticity or even undergo homogeneous deformation 
(when the sample dimension is brought into the sub-micrometer to nanometer range) 
has also been recognized in several compression tests [71,76-78]. 
 
 
Figure 1.10 TEM bright-field images of in situ tested Zr-based monolithic MG samples with 
a gauge dimension of about 100×100×250 nm3, showing (a) necking, and (b) stable shear, 
adapted from [75]. 
 
Although with the above observations on the compressive/tensile plasticity, a 
comprehensive understanding of the mechanisms of the extensive plastic deformation 
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in metallic glasses is still not available. Consequently, studying the plastic 
deformation mechanisms in an effort to design new plastic BMGs or BMG containing 
systems with stable mechanical performances has been a central focus in this research 
field. 
 
1.4 Deformation mechanisms of MGs 
 
Although the macroscopic mechanical behaviors of bulk metallic glasses have been 
extensively studied, a thorough understanding of the deformation mechanisms in 
these amorphous metals remains inaccessible. This section deals with the existing 
theories on the explanation of the shear banding process in metallic glasses. The 
plastic flow in metallic glasses is related to a local change in viscosity in shear bands 
near planes of maximum shear; there are mainly two hypotheses as to why this may 
be the case. The first suggests that, during plastic deformation, the viscosity within 
shear bands decreases due to the stress-driven generation of excess free volumes (the 
free-volume model [45,79,80] and the shear transformation zone (STZ) model 
[46,81,82]) in the shear front, which in turn decreases the density of the glass within 
shear bands and their resistance to deformation. The second contends that the 
deformation-induced temperature rise [83-85] beyond the glass transition temperature, 
or even the melting temperature, leads to thermal expansion, decreasing the viscosity 
of the shear band by several orders of magnitude, and thus serving as a cause of the 
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shear banding. In both cases, a decrease in viscosity localizes the deformation and 
leads to inhomogeneous flow. The vein-patterns (Figure 1.11), which are normally 
observed on the fracture surfaces of metallic glasses, signify an ever liquid-like 
behavior of the metallic glasses within the propagating shear band. It is just the 
decreased viscosity that renders that part of the material liquid-like. Similar patterns 
can be produced by pulling apart two solid surfaces containing a thick viscous layer 
(e.g. grease) in between [86].  
 
 
Figure 1.11 Comparison of typical fracture surfaces of Zr59Cu20Al10Ni8Ti3 metallic glassy 
specimens induced by (a) compressive loading and (b) tensile loading, adapted from [53]. 
 
1.4.1 Free-volume model 
 
As a liquid is solidified to form a glass, the volume surrounding each atom decreases 
until the glass transition temperature is reached. The free volume is defined as the 
atomic volume in excess of the ideal densely packed, but still disordered, structure. 
The initial free volume in a glass is fixed at the glass transition temperature when the 
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atomic configuration is frozen as the liquid solidifies. A hypothesis on the existence of 
free volumes in glassy materials was first proposed by Cohen and Turnbull [79] and 
was subsequently adapted for deformation of metallic glasses by Spaepen [45]. Based 
on the free-volume model, Spaepen described the deformation process in MGs as a 
competition between stress-driven creation and diffusive annihilation of free volumes, 
and flow occurs as a series of forward and backward atomic jumps. As illustrated in 
Figure 1.12, the excess free volume is created when an atom with hard sphere volume 
*υ  is squeezed into a neighboring hole with a smaller volume υ  by the applied 
shear stress τ , which supplies sufficient energy to overcome the energy barrier 
mG∆  for such a motion. At low temperatures, the diffusive annihilation of free 
volumes (backward jumps) may occur very slowly. Thus the shear band can sustain a 
large amount of shear-induced excess free volumes. This leads to decreased viscosity, 
lowering the deformation resistance of the shear band. The primary prediction from 
the free-volume model that excess free volumes should be created has been supported 
by the preferential etching of shear bands formed during inhomogeneous flow at low 
temperatures [87].  
Basically, this free-volume model provides a simple and clear explanation for the 
strain softening and thereby the heterogeneous deformation of MGs at low 
temperatures, and has been widely cited to explain various mechanical properties 
qualitatively. However, this model has not made clear the motion and rearrangement 
of constitute atoms within shear bands during plastic flow. And it is also doubtable in 
that a single atomic jump does not accommodate shear strain. Moreover, the 
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deformation process of MGs characterized by computer simulations, creep tests, and 
high-temperature nano-indentation measurements involves multiple atoms, instead of 
a single-atom motion [88-92]. 
 
 
Figure 1.12 A pictorial representation of the free volume flow process, reproduced from [45]. 
The application of a shear stress τ  biases the energy barrier by an amount 
eG Gτ∆ = ⋅ Ω − ∆  where Ω is the atomic volume and eG∆  is the energy required to fit 
an atom with volume υ* in a smaller hole of volume υ. 
 
1.4.2 Shear transformation zone (STZ) model  
 
On the basis of atomistic simulations and sheared bubble raft experiments, Argon 
1. Introduction 
24 
[46,81] introduced a STZ model to explain the plastic deformation of metallic glasses 
through much-larger-than-atomic-size flow units. According to this model, shear 
transformation takes place by spontaneous and cooperative reorganization of a small 
cluster of randomly closed-packed atoms (Figure 1.13), called shear transformation 
zones (STZs). Generally, thermally activated STZs initiate around free-volume sites 
under an applied shear stress (because high elastic strain at free-volume sites 
energetically promote STZ formation), and then undergo an inelastic shear distortion 
from one relatively low energy configuration to a second such configuration, crossing 
an activated configuration of higher energy and volume. Analogous to the single-atom 
squeezing in Spaepen’s model, the local shear transformations around free-volume 
sites, can lead to the pushing apart of surrounding atoms along activation paths, 




Figure 1.13 A two-dimensional schematic of a shear transformation zone in an amorphous 
metal, reproduced from [46]. A shear displacement occurs to accommodate an applied shear 




Since the original analog model of Argon et al. [46,81,93], more sophisticated 
computer models have been employed to study glass deformation in both two and 
three dimensions [82,89,94-97]. STZs comprising a few to perhaps ~100 atoms are 
commonly observed in such simulation works, which span a variety of simulated 
compositions and empirical interatomic potentials. This suggests that STZs are 
common to the deformation of all amorphous metals, although details of the structure, 
size and energy scales of STZs may vary from one glass to the other. The STZs are 
currently the most widely accepted deformation units in metallic glasses. 
In spite of differences in the conceived atomic motions underlying the 
free-volume model and STZ model, these atomic-scale mechanisms share many 
common features that are crucial to the understanding of the macroscopic deformation 
response of metallic glasses: (1) both mechanisms exhibit characteristics of a 
two-state system: forward jumps or STZ operations compete with backward ones; (2) 
both mechanisms are thermally activated, and exhibit similar energy scales: strength 
and flow characters are significantly dependent upon temperature, and can be 
predicted on the basis of transition-state theory for thermally activated processes; (3) 
both mechanisms are associated with mechanical dilatation, which has important 
consequences for flow localization and pressure dependence (will be discussed in 




1.4.3 Heat evolution 
 
Principally different from the above free-volume model and shear transformation zone 
model, which propose mechanical dilatation as the cause of the localized deformation, 
sufficient heating of shear bands [83-85] to a temperature as high as the glass 
transition temperature or even melting temperature has been proposed to account for 
such a localization process for metallic glasses. The latter one is associated with a 
thermal expansion process, that can also reduce the viscosity of shear bands and 
thereby their resistance to deformation. In other words, the shear bands should always 
be hot based on the contention of heating.    
Adiabatic heating was proposed by Leamy, Chen, and Wang [83] who attributed 
the vein pattern morphology of fracture surfaces to adiabatic heating of the deformed 
region. Later Liu and co-workers [85] detected sparking from tension samples during 
the moment of fracture and observed liquid droplets at major cracks adjacent to 
fracture surfaces of these samples. By assuming that all of the elastic strain energy 
stored in a sample at the moment of tensile fracture was dissipated as heat on the 
fracture plane, they estimated a temperature rise of 900 K. However, the calculated 
and measured temperature rises cited here are applicable only to fracture events, 
accompanied with which a large load drop, associated with a large amount of energy 
release, occurs. With regard to the serrated flow during the inhomogeneous plastic 
deformation of metallic glasses, the elastic energy released for each serration should 
be much smaller than that for the final fracture. Besides, the constituent elements of 
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metallic glasses normally have high thermal conductivity and thermal diffusivity, 
which may prevent the overheating of shear bands. Actually, some people have shown 
that the shear banding process cannot be fully adiabatic by considering the thickness 
of shear bands and the thermal diffusion lengths [98,99]. All of these considerations 
cast doubt on the adiabatic heating as the origin of flow localization. 
 
1.5 Yield strength of MGs 
 
1.5.1 Mohr-Coulomb yield criterion  
 
In polycrystalline metals, the fundamental unit of plastic deformation is the motion of 
an individual dislocation. Because dislocation generally interact only weakly with a 
pressure field [100], the yield criterion for most metals is based on the maximum 
shear stress. Two well-known criteria that are used in this case are the Tresca yield 
criterion and the von Mises yield criterion, the latter of which accurately matches 
experimental data for a variety of metals and alloys [101]. An important characteristic 
of these yield criteria is their symmetry, predicting yield stresses of equal magnitude 
in either tension or compression. In contrast, metallic glasses have been found to 
display asymmetric yield behavior in several experimental studies [53,102], 
suggesting that a different yield criterion is required for these materials.  
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It was reported by Zhang et al. [53] that higher yield stress was observed under 
compression than that under tension for the same Zr-based BMG samples. Meanwhile, 
their facture morphology study reveals that the compressive fracture surfaces of the 
metallic glass only exhibit the vein pattern (see Figure 1.11(a)) with a rather uniform 
arrangement, indicating compressive fracture should occur in a pure shear mode; 
while for the tensile fracture surfaces, two types of features (see Figure 1.11(b)): (1) 
some cores, and (2) the veins originating from the cores and propagating radially 
towards outside, were observed, indicating tensile fracture should not occur in a pure 
shear mode. They proposed that the cores are induced by the normal stress. In 
addition, in terms of the orientation of shear bands, it has been widely observed that: 
(1) under compression, metallic glasses deform along shear bands oriented at an angle 
of less than 45°, usually ~42° [103-106] with respect to the loading axis; (2) under 
tension, the fracturing angle is normally in the range of 50°~65° with an average 
value of 56° [47,85,104-110]. These observations indicate that the deformation and 
fracture of metallic glasses do not occur along the maximum shear stress plane 
irrespective of whether they are under compressive or tensile loading.  
It was Donovan [103,111] who for the first time proposed that metallic glasses 
follow the Mohr-Coulomb yield criterion, which can account for the 
“tensile-compressive asymmetry” by considering the effect of normal stress acting on 
the shear plane. The Mohr-Coulomb yield criterion can be expressed as: 
0y nτ τ ασ= −                             (1.4) 
where yτ  is the critical resolved shear stress at which yielding occurs, 0τ  is the 
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shear yield stress of the material when subjected to pure shear, α  is a 
system-specific coefficient that controls the normal stress effect, and 
n
σ  is the 
component of the applied stress which acts normal to the shear plane. The 
Mohr-Coulomb yield criterion is based on an empirical approach that accounts for an 
increased shear resistance caused by compressive normal stresses; conversely, it 
predicts a decreased shear resistance for tensile normal stresses. If the free volume 
theory is an appropriate description for the deformation in metallic glasses, it is 
expected that an imposed hydrostatic or normal stress would influence the shear band 
propagation and sample failure by influencing the atomic-scale dilatation for the 
macroscopic flow. Based on the shear transformation zone model, Schuh and Lund 
[97] has proven that simulated amorphous metals plastically yield in a manner 
consistent with the Mohr-Coulomb yield criterion, leading to the future studies on 
metallic glasses within the framework of such a pressure- or normal stress dependent 
yield criterion. Additionally, realizing that metallic glasses would be uniformly 
weaker in tension than they are in compression has also industrial importance.   
 
1.5.2 Microscopic origin of yield strength 
 
Macroscopically, yielding in metallic glasses is manifested by the initiation of shear 
bands. Johnson and Samwer [82] introduced a cooperative shear model (CSM) by 
correlating the STZ motion with energetics of glasses, in an effort to interpret the 
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yield strength of metallic glasses in a microscopic perspective. According to the CSM, 
the energy barrier to the mechanical instability of a STZ is biased by a shear stress 
and approaches zero upon occurrence of yielding. They further pointed out that the 
macroscopic yielding is expected when a critical fraction of unstable STZs results in 
global instability. Because of the disordered nature of metallic glasses, their atomic 
structure should be subjected to subnanosized variation corresponding to a statistical 
distribution of STZs. Consequently, the macroscopic yielding is a function of 
deformation volumes that are correlated with the statistical distribution of free 
volumes and STZs. Consistent with the CSM model, the understanding of the yield 
strength has been moved forward by Packard and Schuh [112], who strengthened the 
concept of “a cooperative shear” and further claimed that the yield strength must be 
exceeded along the entire length of a viable shear path for a shear band to form.  
 
1.6 Objectives and outline of this thesis 
 
The objective of this study is to achieve an in-depth understanding of the shear 
banding process, being able to give explanations for the strength, plasticity and 
fracture of metallic glasses, and ultimately improve their mechanical performance. 
The experimental results with theoretical analyses are discussed in the following four 
chapters.  
There are five chapters in this thesis: 
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In Chapter 1 (this chapter), the general knowledge related to MGs was 
introduced, followed by the objective and outline of the present study. 
In Chapter 2, the 3-parameter Weibull statistics was used to characterize the 
strength variation of (quasi-) brittle (Zr0.48Cu0.45Al0.07)100-xYx (x=0, 0.5, 1, 2) BMGs. 
As a result, a complete reliability assessment of these BMGs was provided by 
illustrating the significance of the Weibull modulus and the location parameter of the 
3-parameter Weibull distribution. 
In Chapter 3, the critical stress for continuous shear banding in an intrinsically 
plastic BMG was evaluated. For the first time, the true load-bearing area under 
various deformation modes of BMGs has been worked out. The controlling factor of 
the BMG strength was discussed. 
In Chapter 4, the (internal) sample size effect and (external) machine stiffness 
effect on the shear banding of BMGs were demonstrated both experimentally and 
theoretically. The mechanisms of the plastic deformation in BMGs via simultaneous 
operation of multiple shear bands versus a single dominant one were interpreted based 
on a shear-band instability index (SBI) established herein. 
In Chapter 5, the mechanisms of the plastic serrated flow and catastrophic 
fracture of BMGs were revealed based on quantitative evaluations of the temperature 
rises in the operating shear band. The material/sample/loading conditions that favor 
large plasticity of BMGs were discussed. 
Finally in Chapter 6, the silent results of this thesis were summarized and the 
topics for future research were suggested.





A three-parameter Weibull statistical 





Bulk metallic glasses (BMGs) are superior to their crystalline counterparts in many 
aspects, such as higher fracture strength, higher elastic strain limit, and greater 
corrosion resistance. On the other hand, it is well known that at room temperature the 
plastic flow of BMGs occurs locally under uniaxial stress states (local yielding) in the 
form of shear bands yielding no or little macroscopic plasticity. The BMG materials, 
in the engineering sense, are therefore referred to as brittle (at least quasi-brittle) 
materials since their stress-strain curves resemble that of a typical brittle material. 
Brittle materials principally exhibit a scattering of failure strength unlike the 
ductile materials for which sufficient plastic deformation takes place. In general, the 
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fracture of a homogenous brittle material depends on the stress necessary to propagate 
a critical-sized “weakest link” (flaw or crack) anywhere in the sample. In certain 
materials, such as oxide glasses and ceramics, flaws can be inclusions, segregations or 
any other centers which give rise to incompatible deformation. Therefore, variable 
sizes, shapes and orientations (with respect to the applied load) of the flaws in a 
material can account for the observed scattering of fracture strength, when nominally 
identical samples are tested under nominally identical loading conditions. BMGs, 
reputed as brittle materials, are expected to exhibit similar flaw sensitivity and 
scattering in their fracture strength. As a result, to extend their potential structural 
applications, fundamental issues on the reliability of BMG materials under loading 
deserve a more in-depth evaluation and understanding. 
Despite the availability of extensive data on the mechanical properties of various 
BMGs [113], the flaw/damage tolerance and reliability of BMG materials has long 
been ignored only until a few recent attentions [114-119]. Typically, in the BMG 
community, the variation of the failure data are evaluated using the Weibull 
distribution; which is also one of the most popular models in the mainstream 
reliability community. The cumulative distribution function of the 3-parameter 










 = − − 
   
                       (2.1) 
where Pf is the failure probability for a given uniaxial stress σ, σ0 is the scale 
parameter, m is the Weibull modulus (shape parameter), and σu is the location 
parameter. Here, σu is referred to as “failure-free stress” (FFS) because it represents 
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the stress below which there is no failure and thus the failure probability is zero (i.e., 
Pf =0). When σu=0, Eq. (2.1) reduces to a 2-parameter Weibull distribution indicating 
that the examined material is likely to fail as long as σ>0
. 
 By adopting a 2-parameter 
Weibull distribution for the failure data, Wu et al. [116] and Yao et al. [117] revealed 
that the distribution of the yield/fracture strength of Zr-based BMGs is highly uniform 
under both compressive loading (with a Weibull modulus of 73.4) and tensile loading 
(with a Weibull modulus of 36.5). These 2-parameter Weibull moduli are much higher 
than those of conventional brittle materials, such as oxide glasses [121] and ceramics 
[122,123]. 
In view of the reported high uniformity of strength as well as high strength of the 
BMGs [116,117], conceivably, the associated FFS should not be zero. Otherwise, the 
probability of failure is non-zero even under very low stresses. Therefore, it is more 
appropriate to model data using the 3-parameter Weibull distribution so as to present a 
holistic characterization of the strength variation of BMG materials; which, in turn 
gives a better assessment of their reliability. Moreover, in the event that FFS is only 
marginally greater than zero, one can always revert back to a 2-parameter Weibull as 
the 3-parameter Weibull naturally subsumes the 2-parameter Weibull as its special 
case. This is in line with the basic principle of statistical analysis in that one should 
“let the data do the talking”. Computational experience in the reliability statistics 
literature also indicates that a large Weibull modulus is a strong indication that σu is 
significantly larger than zero and thus should not be ignored [124]. From the 
engineering view point, FFS is a crucial limit for correctly designing BMG 
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components as safety can only be guaranteed when the actual stress during service 
does not exceed their FFS.  
In this work, compressive stress-strain behaviors of the as-cast samples made 
from four Zr-based BMGs with continuously changing compositions were measured. 
Through a 3-parameter Weibull analysis in which a rigorous statistical estimation for 
their FFS is adopted, a more robust characterization of BMGs strength and the 
associated reliability assessment are presented. 
 
2.2 Experimental procedure 
 
A series of alloys with nominal compositions of (Zr0.48Cu0.45Al0.07)100-xYx (x=0, 0.5, 1, 
2) were chosen for this study. The four alloy ingots were prepared by arc-melting 
mixtures of high purity metals in a Ti-gettered high-purity argon atmosphere. Each 
ingot was remelted at least five times in order to obtain chemical homogeneity. The 
ingots were then cast into rods (30 mm in length, 1.5 mm in diameter) by 
water-cooled copper mold suction casting. Because the present study focuses on 
statistics, a large number (normally around 30) of nominally identical samples of the 
same composition were required in order to insure a reliable statistical analysis [125]. 
Accordingly, at least 7 rods of each composition were prepared using the procedures 
described above. It is important to note that the data reported below probes uniformity 
not only within a single casting, but from one batch to the next. 
 
2. A three-parameter Weibull statistical analysis of the strength variation of BMGs 
36 
 
Figure 2.1 XRD patterns of (Zr0.48Cu0.45Al0.07)100-xYx (x=0, 0.5, 1, 2) as-cast rods with a 
diameter of 1.5 mm. The inset shows their corresponding DSC curves, with the glass 
transition temperature (Tg) and onset crystallization temperature (Tx). 
 
Longitudinal cross-sections of the rods were examined by X-ray diffraction 
(XRD) using a Bruker AXS (D8 ADVANCE) instrument with Cu-Kα radiation at 40 
kV. The thermal properties were measured by differential scanning calorimetry (DSC, 
2920 TA instruments) at a heating rate of 0.33 Ks-1. Figure 2.1 shows the XRD 
patterns of these samples without noticeable crystalline peaks, confirming that all 
these alloys are fully amorphous, at least at XRD resolution. The inset DSC curves 
show that they have the typical thermal behavior of BMGs such as a distinct glass 
transition with a large supercooled liquid region (62 K for (Zr0.48Cu0.45Al0.07)100-xYx 
(x=0, 0.5, 1)
 
and 72 K for (Zr0.48Cu0.45Al0.07)98Y2). All have total heats of 
crystallization of around 56 J·g-1, similar to the values for their corresponding fully 
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glassy ribbons, which further confirms the fully amorphous nature of these as-cast 
samples. To reduce the potential effect of structural inhomogeneity, the upper third of 
each as-cast rod was removed and discarded, and the data were obtained from the 
samples sectioned from the remaining lower portion of the cast rods. 
 
 
Figure 2.2 (a) Side view and (b) top view of a properly prepared BMG sample with an 
orthogonal geometry before the compression test. 
 
Uniaxial compression tests were conducted at room temperature with a constant 
engineering strain rate of 1×10-4 s-1 using the LLOYD (model EZ50) universal 
materials testing machine. The test samples are ~3 mm in length and 1.5 mm in 
diameter, providing a nominal aspect ratio of ~2:1 as recommended by ASTM E9-89a 
(2000) for testing high strength materials. The compression samples were first 
sectioned from the cast rods using a Struers diamond cutter, followed by grinding 
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process with a customized specimen jig to carefully grind the sample into 
“orthogonal” shape. This sample preparation process not only ensures parallelism of 
two ends of the specimen to be within 10 µm or better, but also guarantees that the 
ends were exactly perpendicular to the longitudinal axis of the specimen, as displayed 
in Figure 2.2. This process is extremely important to the mechanical tests of BMG 
samples as discussed in Ref. [116]. 
The compression samples were sandwiched between two WC bearing blocks and 
their ends were lubricated by molybdenum disulfide grease. Each sample was 
carefully centered on the loading axis to ensure uniaxial loading. The appearances of 
the fractured samples were carefully examined by scanning electronic microscopy 
(SEM, Philips XL30 FEG instruments). The engineering strain for each sample was 
calculated from the crosshead displacement after correction for the machine 
compliance. The σ as displayed in the Weibull distribution function was taken to be 
the ultimate strength of each sample. 
 
2.3 Results and discussion 
 
2.3.1 Compressive stress-strain behaviors 
 
The engineering stress-strain curves of (Zr0.48Cu0.45Al0.07)100-xYx (x=0, 0.5, 1, 2) BMG 
samples are displayed in Figure 2.3(a), (b), (c) and (d), respectively. It is primarily 
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noted that samples of all compositions show brittle behavior. Nearly half of the Y-free 
samples exhibit yielding, followed by visible plasticity (with the largest one being 
1.7%), while almost all the Y-containing ones fail catastrophically without any 
plasticity. Secondly, a scattering of the ultimate strength can be observed for each 
composition. The strength values of all samples for alloys (Zr0.48Cu0.45Al0.07)100-xYx at 
x=0, x=0.5, x=1 and x=2 are listed in Table a1, a2, a3, and a4, respectively, in the 
appendix. The strength variation for brittle materials in principle results from the 
distribution of strength-limiting flaws. For as-cast BMGs, the flaws could be 
intrinsically the local fluctuations with higher free-volume [45,46], and extrinsically 
the casting pores, inclusions or surface irregularities [116]. However, regardless of the 
flaws, the minimum observed strength is rather high, and actually not far from the 
maximum one (see Figure 2.3 and Table 2.1) for each composition, strongly 
suggesting the necessity to estimate the value of σu in Eq. (2.1) rather than assuming 
σu=0. 
 
Table 2.1 Summary of the compressive strength and Weibull parameters of the 












A: Zr48Cu45Al7 1791-1898 6.4 1677 194 28 
B: (Zr0.48Cu0.45Al0.07)99.5Y0.5 1667-1838 6.2 1544 228 27 
C: (Zr0.48Cu0.45Al0.07)99Y1 1636-1883 6.0 1430 369 30 
D: (Zr0.48Cu0.45Al0.07)98Y2 1430-1780 6.8 1116 548 47 
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Figure 2.3 Engineering stress-strain curves of all the test samples made from as-cast 
(Zr0.48Cu0.45Al0.07)100-xYx BMGs at (a) x=0, (b) x=0.5, (c) x=1, and (d) x=2, respectively. The 
minimum and maximum measured strength are indicated. 
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Figure 2.4 3-parameter Weibull plots for as-cast (Zr0.48Cu0.45Al0.07)100-xYx (x=0, 0.5, 1, 2) 
BMGs, as marked by A, B, C and D, respectively. The corresponding Weibull modulus (m) 
and failure-free stress (σu) of each alloy are indicated. 
 
2.3.2 Estimation of the 3-parameter Weibull parameters 
 
There are a few ways of estimating σu [124,126-131]. Here, we adopt a method based 
on the least-square principle, which was originally conceived by Offinger [130], and 
then given in detail by Tang [124]. Firstly, the failure stress of all the test samples for 
each composition should be ranked from the smallest to the largest and denoted as σ1, 
σ2, …σn. Then the failure probability of the ith failure stress is estimated by the 







=                            (2.2) 
Subsequently, linearizing Eq. (2.1) results in 
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From the above, σu can be estimated by maximizing the coefficient of determination 
of the above regression line which is given by the “RSQ” function in Excel™; i.e. 
maximize RSQ(yi, xi). The value of RSQ(yi, xi) can be maximized by invoking the 
Excel™ solver function. The drawback of this approach is that the solution may not 
be unique as there are local optima. This can be overcome by using a starting value of 
0.9σ1 and restricting the solution of σu within (0.75σ1, 0.99σ1), where σ1 is the smallest 
observation, also known as the first order statistic of the failure stress data. After σu is 
estimated, the Weibull modulus m can be simply obtained as the slope of the 
regression line, and the scaling parameter σ0 as the y-intercept. The resulting 
3-parameter Weibull plots of the strength data for alloys (Zr0.48Cu0.45Al0.07)100-xYx 
(x=0, 0.5, 1, 2) are depicted in Figure 2.4, as marked by A, B, C and D, respectively. 
There is no obvious curvature so that the fit is considered to be good. The estimated 
Weibull parameters, including essentially σu and m, are summarized in Table 2.1. 
 
2.3.3 Indication of the Weibull modulus m 
 
The Weibull modulus m, known as the shape parameter in reliability statistics, 
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governs the shape of the density function and thus represents both the “skewness” and 
the “spread” of the data. A low “m” (<3) indicates that data are right-skewed (the 
majority are closer to the origin of the failure stress distribution); an “m” between 3 to 
5 indicates an approximately symmetrical data; and a large “m” (>5) indicates that 
data are left-skewed (the majority are far from the origin). Moreover, the larger the m, 
the smaller is the spread of the data (high uniformity or low variability), 
corresponding to a steep slope in the Weibull plot. As such, a high Weibull modulus is 
perceived as having high reliability in the sense that the failure points are far from the 
origin and are highly predictable. It is noted that the Weibull moduli of the four BMG 
alloys studied here are almost consistent from one alloy to another, which are about 6 
(see Figure 2.4 and Table 2.1). For comparison purpose, the estimated values of the 
3-parameter Weibull modulus for some typical engineering materials are listed in 
Table 2.2 [134-141] in which the m values are mostly in the range of 1 to 6. It is 
obvious that the Weibull moduli of around 6 for the BMGs are rather high among 
various engineering materials, suggesting a highly left-skewed distribution and small 
spread of their strength, and hence high reliability.  
Furthermore, it is worth noting that another important interpretation of the 
Weibull modulus m in reliability engineering is that it characterizes the trend of failure 
rate and thus correlates with the failure mechanism [142,143]. The consistent Weibull 
moduli of around 6 agree well with the fact that the investigated samples, regardless 
of the Y content, exclusively failed by the same mode, i.e., a shear event along one 
dominant shear band, as shown in Figure 2.5. 
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Table 2.2 List of the 3-parameter Weibull modulus (m) and the location parameter (σu) of 
some typical engineering materials together with the currently-investigated ZrCuAl(Y) 
BMGs. 





PMMA-based bone cement 0.5-1.4 — [138] 
Window glass 1.21 35.8 MPa [134] 
A707 steel welds 1.5 — [137] 
Silicon die 2-3 ~48-184 MPa [136] 
Ti-6Al-4V titanium alloy 2.6 563 MPa [139] 
30NiCrMo16 steel 2.8 441 MPa [139] 
C20 steel 3.2 230 MPa [139] 
Cast iron EN-GJS800-2 3.1 204 MPa [139] 
Silicon nitride 3.6-4.5 389-506 MPa [135] 
Solid oxide fuel cells ~5 25-28 MPa [141] 
35NiCrMo4 steel 5.4 534 MPa [139] 
22NiMoCr37 ferritic steel ~7 ~2.4-3.2 GPa [140] 
ZuCuAl(Y) BMGs 6-6.8 1116-1677 MPa This work 
 
 
Figure 2.5 The SEM micrograph of a typical BMG sample tested in this work under uniaxial 
compression, showing shear fracture along one dominant shear plane. 
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2.3.4 Indication of the failure-free stress σu 
 
For a 2-parameter Weibull, the origin of the failure stress distribution is zero; while 
for a 3-parameter Weibull, the origin, which is the 3rd parameter, σu, is non-zero. Thus, 
a complete reliability assessment will require both σu and m as they jointly represent 
the distance from zero and the spread of data. Since the four alloys exhibit the same 
failure mechanism signified by comparable m values, their reliabilities can now be 
easily identified and compared using FFS. As seen in Figure 2.4 and Table 2.1, the 
FFS (σu) are 1677, 1544, 1430 and 1116 MPa for alloy at x=0, 0.5, 1 and 2, 
respectively, showing a trend of continuous decrease. This indicates that the reliability 
of the Zr-based BMGs decreases with an increasing content of Y. It has been reported 
that the addition of Y embrittles the Zr-based BMGs [144], and similar embrittlement 
effect has also been found in the Fe-based BMGs [145,146] alloyed with Y. 
Consistent with these findings, our systematic study of the FFS clearly demonstrates 
that BMGs are embrittled to a greater extent when more Y is added, with the FFS as 
an efficient indicator. The concept that the BMGs with higher reliability should 
intrinsically be more malleable has been presented in the previous 2-parameter 
Weibull study [116], where the Weibull modulus serves as the sole reliability indicator. 
Using the 3-parameter Weibull model, a more comprehensive study on the reliability 
is represented by both the Weibull modulus and the FFS. In particular, in view of the 
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almost identical Weibull moduli, the reliability of the BMGs studied can easily be 
compared via the FFS and the conclusion holds over all range of stresses (will be 
discussed in Section 2.3.5). Consequently, the FFS becomes an efficient indicator of 
reliability, and thus malleability. 
 
2.3.5 Advantage of the 3-parameter Weibull model over the 
2-parameter one 
 
To highlight the significance of adopting the 3-parameter Weibull model, we have 
also fitted the data based on the 2-parameter Weibull distribution, where σu is taken to 
be zero. The corresponding 2-parameter Weibull plots for alloys 
(Zr0.48Cu0.45Al0.07)100-xYx at x=0 [116], x=0.5, 1, and x=2 [116] are shown in Figure 
2.6, as marked by A, B, C and D, respectively. The 2-parameter Weibull modulus m 
has been calculated to progressively decrease from 73.7 for alloy Zr48Cu45Al7 to 25.5 
for alloy (Zr0.48Cu0.45Al0.07)98Y2, as listed in Table 2.3. The m value in the 
2-parameter Weibull distribution serves as the sole parameter that measures the 
degree of the strength variation, and is an indicator of the material reliability. 
Therefore, the decreasing m signifies a decreasing reliability of the BMGs with an 
increasing content of Y, consistent with the result of the 3-parameter Weibull analysis.  




Figure 2.6 2-parameter Weibull plots for as-cast (Zr0.48Cu0.45Al0.07)100-xYx (x=0, 0.5, 1, 2) 
BMGs, as marked by A, B, C and D, respectively. The corresponding values of the Weibull 
modulus (m) of each alloy are indicated. 
 
Table 2.3 Summary of the Weibull parameters of the (Zr0.48Cu0.45Al0.07)100-xYx (x=0, 0.5, 1, 2) 
BMGs estimated based on the 2-parameter Weibull statistics. 






A: Zr48Cu45Al7 73.7 0 1872 28 
B: (Zr0.48Cu0.45Al0.07)99.5Y0.5 55.9 0 1774 27 
C: (Zr0.48Cu0.45Al0.07)99Y1 34.9 0 1789 30 
D: (Zr0.48Cu0.45Al0.07)98Y2 25.5 0 1687 47 
 
However, as m is the slope in the Weibull plot, drastically different m values 
among these alloys imply that the lines in the Weibull plot cross one another. This 
means that the failure probability of the Y-free Zr48Cu45Al7 alloy is not consistently 
lower than that of other alloys over all stresses. Whereas using the 3-parameter 
Weibull distribution, the m values are almost the same, implying that these lines are 
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almost parallel and thus do not cross one another. This allows ones to claim that, with 
an increasing content of Y, the failure probability increases for the Zr-based BMGs 
over all stresses. It indicates that for high-strength materials, like BMGs, of which the 
FFS is non-zero, the 3-parameter Weibull distribution should be used for an accurate 




A detailed reliability analysis was conducted on (Zr0.48Cu0.45Al0.07)100-xYx (x=0, 0.5, 1, 
2) BMGs using the 3-parameter Weibull model. The major conclusions have been 
drawn as follows: 
(1) The Zr-based BMGs in the present study show brittle behavior, with limited or 
even no plasticity. The location parameter of the 3-parameter Weibull was used 
to characterize the presence of a critical failure-free stress (FFS), i.e. the stress 
below which there is no failure. And the Weibull modulus was used to 
characterize the data variability. It was found that as Y content increases from 0, 
0.5%, 1%, to 2%, the FFS of the corresponding Zr-based BMG decreases from 
1677, 1544, 1430, to 1116 MPa, showing a trend of continuous decrease. Such 
characterization of FFS then resulted in almost identical estimates for the 
Weibull modulus of around 6 for these BMGs. Compared with the Weibull 
moduli of various conventional engineering materials, the value of “6” has been 
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realized to be rather high, indicating the high strength uniformity of BMGs. 
Furthermore, the consistent Weibull moduli of these BMGs agree well with the 
fact that they have the same failure mechanism, i.e., a shear event along one 
dominant shear band. Accordingly, the continuous decrease in the FFS 
demonstrates that the reliability of the alloy decreases with the increasing 
content of Y. Compared with the 2-parameter Weibull, the use of the 
3-parameter Weibull provides a more interpretable and accurate reliability 
assessment of BMGs. Further examinations of the Weibull modulus and FFS of 
various BMG alloys are worth pursuing in the framework of 3-parameter 
Weibull statistics. 
(2) The method recommended here for the estimation of the FFS of BMG materials 
under 3-parameter Weibull statistics is easy to be implemented by material 
engineers. Besides, the concept of FFS should be of great engineering 
importance, since it specifies a crucial stress limit that should not be exceeded 
for safe engineering design. Therefore, it is strongly suggested that the FFS of 
the BMG which is going to be applied in load-bearing structures, should be 
carefully evaluated. 
 





Invariant critical stress for continuous 





The lack of long range atomic order in the amorphous structure of metallic glasses 
(MGs) makes them fundamentally different from their crystalline counterparts in 
mechanical behaviors. One of the superior properties, the ultrahigh strength of MGs 
finds themselves in the potential application as load bearing materials. However, the 
quasi-brittle nature of MGs caused by the flow localization in a few shear bands and 
the subsequent runway shear failure along an individual shear band hinders such 
application progress. Chapter 2 of this thesis discusses the mechanical behaviors of 
the typical conventional BMGs, representatively showing that they are brittle with a 
limited plastic strain of less than 2%, while with high strength uniformity (revealed by 
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a statistically large number of nominally identical samples), indicating a homogenous 
structure of BMG materials. That finding encourages to a certain extent the potential 
use of BMGs as load-bearing materials. However, to fully realize the application 
potential of BMGs, searching plastic BMGs with known load-bearing ability has been 
a major concern of the recent research. Progress has been made recently with the 
development of several plastic monolithic BMGs under uniaxial compression tests 
[67-69,71-74]. Accordingly, a detailed study of the strength accompanying their 
plastic deformation is needed. 
The fundamental issue on the origin of yield strength [82,147] and yield criterion 
[112,148,149] of MGs has recently been under intense study. It has been widely 
accepted that yielding of MGs, manifested by the shear bands initiation, is 
fundamentally a result of the cooperative shear motion of atomic clusters termed as 
shear transformation zones (STZs) [46,81]. Johnson and Samwer [82] established a 
cooperative shear model (CSM) by calculating the potential energy barrier for the 
STZ motion to interpret the yield strength of MGs. It was pointed out that the energy 
barrier over which the motion of a STZ is free will be overcome by its driving shear 
stress on yielding, and yielding is expected when a critical fraction of unstable STZs 
results in global instability. More recently, Yang et al. [147] found the correlation 
between the yield strength and the glass transition temperature (Tg) and the molar 
volume of individual MGs by exploring the similarity between two physical processes: 
the mechanical yielding and the thermally-activated glass transition. Since Tg is a 
physical parameter that reflects the atomic cohesive energy in MGs, their work shed 
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light on the atomic-scale origin of the yield strength.  
It is known that MGs plastically deform by continuous formation and 
propagation of shear bands, which are the sole carries of the plastic deformation. 
However, most of the previous studies are noted to focus only on the stress for the 
activation of very initial shear bands at the macroscopic yielding. On the other hand, 
conflicting reports giving true stress-strain curves with apparent “strain-softening” 
(continuously decreasing stress with increasing plastic strain) [72] or 
“strain-hardening” [150] (continuously increasing stress with increasing plastic strain) 
accompanying the subsequent plastic deformation have both been found. Obviously, 
the critical stress for continuous shear banding and the effect of the amorphous 
structure on that is still mysterious.  
In this chapter, by properly taking the instant load-bearing area into 
consideration, we have obtained sustained true stress of the BMG samples during 
plastic deformation under various distinct deformation modes. Our present work 
reveals that the critical stress for continuous shear banding maintains invariant on and 
after yielding, suggesting neither “strain-softening” nor “strain-hardening” during 
plastic deformation. Our observation further points out that the atomic cohesive 
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3.2 Experimental procedure 
 
The alloy chosen for this study is the Zr64.13Cu15.75Ni10.12Al10 BMG, which has been 
reported to be with high plasticity [69]. The BMG rods with a diameter of 1 mm were 
prepared by the same arc-melting and copper mould casting methods as presented in 
Chapter 2. To confirm the fully amorphous nature of these 1 mm rods, a much larger 
sample with a diameter of 5 mm was similarly cast and its amorphousity was checked 
by X-ray diffraction (XRD) using a Bruker AXS (D8 ADVANCE) instrument with 
Cu-Kα radiation at 40 kV and differential scanning calorimetry (DSC, 2920 TA 
instruments) at a heating rate of 0.33 Ks-1. Figure 3.1 shows the XRD pattern of the 
as-cast 5 mm sample without noticeable crystalline peaks, confirming that it has 
amorphous structure, at least at XRD resolution. The inset DSC curve shows that it 
has the typical thermal behavior of BMGs such as a distinct glass transition at a glass 
transition temperature (Tg) of ~650 K, with a large supercooled liquid region of ~100 
K. A previous report also showed that the alloy with this composition can form full 
glass with a diameter of 5 mm [69], in support of our observation. The ascertained 
fully amorphous nature of the 5 mm sample guarantees the fully amorphous nature of 
much smaller 1 mm samples, which are produced with much higher cooling rate.  
Then the test samples were grinded to have an orthogonal geometry following 
the same procedure as discussed in Chapter 2. And samples with nominal aspect 
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ratios of both ~2:1 and ~1:1 were prepared. Uniaxial compression tests were 
conducted at room temperature with a constant strain rate of 1×10-4 s-1 using the 
LLOYD (model EZ50) universal materials testing machine. The appearances of the 
deformed samples were carefully examined by scanning electronic microscopy (SEM, 
Philips XL30 FEG instruments). The engineering stress is defined as the load over the 
original load-bearing area before deformation, while the true stress is defined as the 
load over the instant (true) load-bearing area. The 0.2 % offset yield strength is used 
for each sample. 
 
 
Figure 3.1 The XRD pattern of the Zr64.13Cu15.75Ni10.12Al10 as-cast rod with a diameter of 5 mm. 
The inset shows its corresponding DSC curve, with the glass transition temperature (Tg) and onset 
crystallization temperature (Tx). 




The true stress during the plastic deformation of the 1 mm samples will be estimated 
and discussed following the sequence from the 2:1 samples to the 1:1 samples. It is 
found that when the 2:1 samples were properly prepared and well aligned with the 
loading axis during the compression tests, two distinct deformation modes can be 





Figure 3.2 The engineering stress-strain curve (black) and true stress-strain curve (red) of a 
2:1 sample, corresponding to the most frequently observed deformation mode (Case 1). The 
inset shows the enlarged part of the engineering stress-strain curve from 7% to 9% total strain. 
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Figure 3.3 (a) The SEM micrograph showing the side view of the deformed sample in Case 1. 
(b) Its shear surface morphology taken from the viewing direction as indicated in (a), 
displaying the striation pattern. The arrow indicates the shear direction. (c) The top view of 
the deformed sample, showing the final load-bearing area within the dashed. (d) The 
longitudinal cross section view of the deformed sample, demonstrating the formation of a 
crack at the shear interface.  
 
3.3.1 Case 1 
 
The frequently observed engineering stress-strain curve for a 2:1 sample is 
exemplified in Figure 3.2. As shown, the sample begins to yield at 1660 MPa, which 
is followed by a large plastic flow with continuous decrease in the engineering 
stress/load. Regular serrations can be observed in the plastic region. One serration is 
supposed to be associated with one shear banding event. The appearance of the 
deformed sample as shown in Figure 3.3(a) demonstrates that the dominant plastic 
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deformation mode is shear along a principal shear plane, which is at ~45° to the 
loading axis [68,151,152]. A close examination (along the viewing direction indicated 
by the arrow in Figure 3.3(a)) of the shear surface reveals regularly spaced striation 
pattern as shown in Figure 3.3(b). This pattern indicates the intermittent emission of 
individual shear bands in one shear plane, corresponding well with the regularly 
serrated flow. Most importantly, it can readily be realized that the load-bearing area 
keeps decreasing as the plastic deformation progresses, while the final load-bearing 
area is the area within the dashed in Figure 3.3(c). 
 
 
Figure 3.4 A schematic representation showing the correlation between the shear event and 
the corresponding load-bearing area in Case 1. 
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To estimate the true stress during the plastic deformation, the true/instant 
load-bearing area needs to be worked out. The deformation process of the present 
sample is schematically illustrated in Figure 3.4. As the upper part of the sample is 
sliding along a dominant shear band at 45° to the loading axis, the load-bearing area, 
represented by the shaded area in Figure 3.4, keeps decreasing. It can be found that 
the true load-bearing area ( TS ) under compression is composed of two identical bow 
areas. The bow area ( bowS ) can be calculated by subtracting the area of the triangle 
AOB ( triangleAOBS ) from the area of the sector AOB ( sectorAOBS ). Based on Figure 3.4, 





d dS d θθ ×= × × × =                   (3.1) 
while the area of the triangle AOB is calculated to be 
sin ( ) sin
2 2 4triangleAOB
d d dS a δθ θ×= × × − = ×          (3.2) 
With arccos( )
d
δθ = , the bow area is thus obtained as 
secbow torAOB triangleAOBS S S= −  
2 2
sin arccos( ) sin(arccos( ))
4 4 4 4
d d d d
d d
θ δ δ δ δθ× × ×= − × = × − ×   (3.3) 
Finally, substituting the engineering strain 
2E d
δ
ε =  into Eq. (3.3), the true 
load-bearing area at any plastic strain can be calculated as 
2
2 2arccos(2 ) 1 4
2T E E E
dS dε ε ε= × − × × −              (3.4) 







, where Eσ  
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and ES  are the engineering stress and the original load-bearing area before 
deformation, respectively, the true stress-strain curve can be obtained, as shown in 
Figure 3.2. It clearly shows that the true stress maintains almost constant up to about 
9 % of the total strain. The subsequent decrease in true stress beyond this strain is 
caused by the formation of a crack (as shown in Figure 3.3(d)), where the true 
load-bearing area has been over-estimated to a certain extent by Eq. (3.4). 
 
3.3.2 Case 2 
 
In the rarely observed (only once) deformation mode for a 2:1 sample, nearly 
invariant engineering stress on and after yielding at a stress of 1650 MPa is found, as 
shown in Figure 3.5. The observed multiple serrations with smaller and less uniform 
amplitudes than those in the inset of Figure 3.2 imply a different series of shear 
banding events. The appearance of the deformed sample as shown in Figure 3.6 
exhibits a large number of parallel shear bands, propagating across the sample. The 
deformation process proposed based on the stress-strain curve and shear bands 
distribution is schematically illustrated in Figure 3.7. In general, the sample has 
deformed with the continuous formation of shear bands in new adjacent shear planes. 
As shown, the first primary shear band forms in the sample, and then the upper part of 
the sample slides along the present shear band. Once the lower tip of the sliding part 
touches the crosshead, a new shear band initiates in an adjacent shear plane. Thus the 
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true load-bearing area maintains the same as that before deformation. This process 
repeats itself, leading to almost constant load-bearing area during the plastic 
deformation. As a result, the true stresses are equivalent to the engineering stresses 
that maintain nearly invariant over a large plastic strain. It should be emphasized that 
the measured (engineering) stress will increase when the load-bearing area begins to 
increase, unless cracks are formed at the sliding interface. While it is believed that the 




Figure 3.5 The engineering stress-strain curve of a 2:1 sample, corresponding to a rarely 
observed deformation mode (Case 2). The inset shows the enlarged part of this curve from 
7% to 9% total strain.  
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Figure 3.6 The SEM micrograph showing the side view of the deformed sample in Case 2, 
with a large number of parallel shear bands across the sample. 
 
 
Figure 3.7 Schematic representations showing the plastic deformation process of the 2:1 
sample in Case 2. 
 
3.3.3 Case 3 
 
To further illustrate our point, a 1:1 sample has also been studied, with its stress-strain 
behavior shown in Figure 3.8. It exhibits an apparent strain-hardening behavior as 
seen from its engineering stress-strain curve, in which the engineering stress 
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continuously increases with increasing plastic strain from a yield strength of about 
1660 MPa. The appearance of the deformed sample as shown in Figure 3.9 
demonstrates a much more uniform deformation mode for the 1:1 sample, compared 
with the above-mentioned two cases for the 2:1 samples. It is obvious to see that the 
sample has deformed through continuous increase in the load-bearing area, which 
results from the evenly spaced multiple shear bands in conjugated directions.  
 
 
Figure 3.8 The engineering stress-strain curve (black) and true stress-strain curve (red) of a 
typical 1:1 sample (Case 3). The inset shows the enlarged part of the engineering stress-strain 
curve from 7% to 9% total strain. 
 
Accordingly, the true stress and true strain for this sample can be respectively 
calculated based on Eqs. (3.5) and (3.6) 
(1 )T E Eσ σ ε= −                         (3.5) 
(1 )T ELnε ε= − −                        (3.6) 
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which are valid for uniform compressive deformation [153], and where Tσ , Tε , Eσ , 
and Eε  are the true stress, true strain, engineering stress, and engineering strain, 
respectively. The resulting true stress-strain curve is plotted in Figure 3.8. It can be 
seen evidently that the sample does not display strain-hardening features, but again 
maintains nearly constant true stress.  
 
 
Figure 3.9 The SEM micrograph showing the side view of the deformed 1:1 sample in Case 




3.4.1 Consistent yield strength of samples under three deformation 
modes 
 
In the present study, it is found that the yield strength of the BMG samples remains 
the same regardless of the sample deformation mode, while the deviation between 
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1630 MPa and 1660 MPa is principally of the order of data dispersion [116]. Coupled 
with the established theories [82,112], this observation suggests that at the very initial 
stage of plastic deformation, the mechanism of driving the motion of a critical fraction 
of STZs, which leads to the initial shear banding, is unchanged in the three cases.  
 
 
Figure 3.10 A schematic representation showing the effects of the shear band forming region 
on the plastic deformation behaviors of 2:1 samples. 
 
3.4.2 Randomness in the location of initial shear bands 
 
It needs to be emphasized that the locations for the formation of initial shear bands are 
supposed to be random within the body of a BMG sample, based on the statistical 
study of BMG failure in Chapter 2 and the present study. By comparing the two 
deformation modes for the 2:1 samples, it is suggested that: (1) if the initial shear 
bands form in the shaded area in Figure 3.10, the plastic deformation will progress 
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along one dominant shear band, as represented by Case 1; (2) if the initial shear bands 
form by the boundary of the shaded area, the plastic deformation cannot progress 
further when either tip of the sample touches the crosshead, and then new shear bands 
will be forced to initiate continuously to carry the further plastic deformation, as 
represented by Case 2. Obviously, Case 2 should rarely occur from a statistical point 
of view, which corresponds well with our observations. 
 
3.4.3 Invariant critical stress in an individual sample 
 
The most important observation in the present work is that the BMG samples 
maintain a nearly constant stress after yielding from true stress-strain analyses, where 
true load-bearing areas are used. This strongly indicates that the critical stress for 
continuous shear banding maintains invariant as the plastic deformation progresses 
after yielding, regardless that the shear bands are repeatedly initiated along the 
primary shear plane, or new shear planes. 
From the potential energy barrier perspective, the expected configurational 
rearrangement associated with a series of shear transformations within shear bands 
should not noticeably change such an energy barrier needed to be overcome to free a 
subsequent STZ, and consequently continuous shear banding occurs at a constant 
stress when a critical fraction of STZs are cooperatively activated. Furthermore, 
besides the theoretical analysis by Yang et al. [147], recent observation of the 
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size-independent strength from micro-compression experiments of a MG [154] 
verified the strength of MGs is determined by the inter-atomic bonding. Our 
observation further demonstrates that any possible structural change within shear 
bands during the continuous shear banding has neglectable effects on the critical 
stress for the initiation of new shear bands, while the atomic cohesive energy 
constantly serves to be the controlling factor. Some researchers reported plastic 
softening [55,155,156], manifested by decreased hardness, in the shear bands region 
induced by deformation processes. It is noted that most of these reports were based on 
indentation studies [55,155,156], and attributed softening to the creation of excess 
free volumes in shear bands. It has been recognized that for MG materials, different 
loading conditions result in distinct deformation modes, which may impose some 
effects on the results obtained. This needs further investigation. Our study strongly 
suggests that the strength of shear bands, in line with that of the undeformed glass, is 
determined by the atomic cohesive energy.  
It can be clearly identified that the propagating shear bands can be arrested in the 
intrinsically plastic BMGs, in contrast to their catastrophic shear off in the 
intrinsically brittle ones as shown in Chapter 2. Several factors have been invoked to 
account for the high plasticity of several monolithic BMGs, such as possessing a high 
Poisson’s ratio [74,113,157] or high free volume content [73,158,159]. However, the 
real conditions to arrest the flow on a shear band still need to be studied (will be 
discussed in Chapter 5). 





Through uncovering the macroscopic true stress after correction with the true 
load-bearing area, several novel understandings regarding the BMG stress have been 
achieved: 
(1) The critical stress for continuous shear banding was found to be invariant during 
the plastic deformation of monolithic BMG samples over a large plastic strain, 
contrary to the previous observation of apparent “strain-softening” and 
“strain-hardening”. Perhaps the proper true load-bearing area was not 
considered.  
(2) With an understanding of the mechanism of yielding and thus the origin of yield 
strength, the critical stress for the repeated shear bands initiation is believed to 
be controlled mainly by the atomic cohesive energy and not affected by the 
possible configurational rearrangement within the shear bands.  
(3) In view of the constantly high stress observed in the present study, as well as the 
high strength uniformity as discussed in Chapter 2, the BMGs should be 
promising materials in future structural applications. 





An instability index of shear band for 




For quite a long time, the catastrophic failure along a dominant shear band set the 
limit on how much plasticity can be achieved in metallic glasses (MGs) under 
uniaxial compression. Since shear bands are the major carriers of the plastic 
deformation in MGs at relatively low temperatures, how to prevent the formation of 
one dominant shear band in these materials so as to enhance their plasticity has 
become a central focus of research in this field. It has been found that a number of 
conditions can promote sustained plastic deformation through multiple shear banding 
in MG samples, such as those under geometrical constraints [54-56,160], with 
characteristic dimensions on the order of a few hundred nanometers [75,161], with 
nanocrystal domains [66], or with favorable residual stresses [162]. However, it is 
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noted that considerable plasticity via multiple shear bands formation has rarely or 
never been observed in geometrically unconstrained samples made of monolithic bulk 
metallic glasses (BMGs), except for two very recent cases [69,73]. But the detailed 
mechanisms of multiple versus single shear band formation are still elusive. 
There have been many attempts to describe the mechanisms of plastic 
deformation in MGs. Two of the earlier ones are the classical “free volume” model by 
Turnbull and co-workers [79,80] and Spaepen [45] and the “shear transformation 
zone” (STZ) model by Argon and Kuo [81]. Johnson and co-workers [82] proposed a 
cooperative shear model which placed more importance on the influence of shear 
modulus on the plastic flow of MGs. Recent studies have also shown a correlation 
between the plasticity and Poisson’s ratio in these materials [74,113]. All of these 
viewpoints focused on the effects of intrinsic properties (i.e., atomic-level features in 
the structure) of MGs on their macroscopic deformation responses.  
Here we note that the deformation and failure of MGs is really an instability 
process that begins with the nucleation and coalescence of STZs and ends up with the 
development and propagation of shear bands. (The instability process intrinsically 
correlates with the structural softening process presumably caused by the 
shear-induced dilatation.) Therefore, the instability process of shear-band failure 
ought to be a primary focus of study in understanding the deformation mechanism of 
MGs. For a material whose deformation hinges upon an instability process, inclusion 
of the influence of the testing machine besides that of the sample in the study of the 
apparent mechanical behaviors of the material is inevitable and unavoidable. The 
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effect of machine stiffness has been previously mentioned by Masumoto et al. 
[163,164] and recently again by Xie and George [71], although a systematic and 
quantitative understanding on this issue is not yet available. Here we will first derive 
an instability index for shear-band failure in MGs from free energy changes in the 
sample-machine system. Through a series of carefully controlled experiments, we will 
show that the plasticity of monolithic BMGs depends strongly on the sample size as 
well as on the stiffness of the testing machine. An instability/stability map is 
established to show a critical transition from unstable behaviors of shear banding to 
stable behaviors of shear banding as a function of sample size and machine stiffness. 
The stable behavior is herein illustrated as the simultaneous operation of multiple 
shear bands, while the unstable behavior as the activation of a single dominant shear 
band. The significance of the instability index is to provide a definitive condition 
where the plasticity (under compression) or even the ductility (under tension) of MGs 
can be obtained. 
 
4.2 Experimental procedure 
 
The Zr64.13Cu15.75Ni10.12Al10 BMG rods with diameters from 1 to 4 mm were prepared 
by the similar arc-melting and copper mould casting methods as presented in Chapter 
2. This alloy has been confirmed to have a glass forming ability of more than 5 mm in 
diameter, as shown in Figure 3.1 in Chapter 3. The amorphousity of the present 1-4 
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mm rods was checked by X-ray diffraction (XRD) and differential scanning 
calorimetry (DSC) (not shown here). Then the test samples were grinded to have an 
orthogonal geometry following the same procedure as discussed in Chapter 2. And 
samples with nominal aspect ratios of both ~2:1 and ~1:1 were prepared.  
Uniaxial compression tests were conducted at room temperature with a constant 
strain rate of 4×10-3 s-1 and a wide range of values of the machine stiffness ( Mκ ) 
between 22800 and 159000 N/mm, as listed in Table 4.1 for various sized samples 
and three machines. The “machine 1” is the Shimadzu (model AG-25TB) universal 
materials testing machine with a 250 KN load cell, the “machine 2” is the Shimadzu 
(model AG-25TB) universal materials testing machine with a 50 KN load cell, and the 
“machine 3” is the LLOYD (model EZ50) universal materials testing machine with a 
50 KN load cell. It can be seen from Table 4.1 that different machines have different 
stiffness ranges; and for the same machine, the machine stiffness increases with the 
sample size.  
 
Table 4.1 List of the values of the machine stiffness for various sized Zr64.13Cu15.75Ni10.12Al10 















1 1295 81200 52000 22800 
1.5 2914 93200 58900 25700 
2 5181 99900 66200 27900 
3 11657 147800 78100 30800 
4 20724 159000 85400 31300 
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Figure 4.1 Load-displacement curves of three machines used in this study, obtained by 
running the compression tests in the absence of a sample. 
 
 
Figure 4.2 Derivative-load curves computed based on the corresponding load-displacement 
curves shown in Figure 4.1. The machine stiffness for a given sized sample is taken as the 
derivative value at the yield point (load) of this sample. 
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Figure 4.1 and Figure 4.2 are given to illustrate how the values of the machine 
stiffness are obtained. Figure 4.1 shows the load-displacement curves of the three 
machines, which are obtained by running the compression tests in the absence of a 
sample. Here the machine stiffness for a given sized sample is taken as the slope of 
the load-displacement curve at the yield point of this sample. Accordingly, the 
derivative-load curve of the corresponding load-displacement curve is computed, as 
shown by the solid lines in Figure 4.2. A third-order exponential decay function is 
used to fit the noisy derivative-load curve, as shown by the dashed lines in Figure 4.2, 
from which the derivative at any load, i.e., the machine stiffness at the yield point of a 
given sized sample, can be approximately estimated. Obviously, the “machine 1” is 
consistently the stiffest for all sized samples, while the “machine 3” the softest. 
Besides, it is evident that for a given machine, the derivative increases with the load. 
As larger BMG samples yield at higher load (Table 4.1), the derivative-load analysis 
clearly demonstrates that the machine stiffness increases with the sample size. 
 
4.3 Shear-band instability index (SBI)  
 
To understand the shear-band instability, we consider a closed system consisting of a 
MG sample and an elastic spring representing the summary influence of the system 
outside the sample, primarily the testing machine (Figure 4.3). When a displacement 
u is imposed on the sample-machine system, the change in elastic energy of the 
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where Mc  and Sc  are the compliances of the machine and sample, respectively. Let 
ξ be an internal variable (e.g., the length or density of shear band) measuring the 
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compliance of the sample should increase with ξ in an instability process. The critical 
condition for shear band to progress can be expressed in terms of an energy criterion 
[165] as  
0cG G− =                            (4.3) 
where cG  denotes the intrinsic resistance of the material to shear banding. 
Furthermore, the condition for the shear band process to run unstably is 









F c G′ = , it can be shown that 




c c S S S c S S S
MS S S Su
S
G G G c c c G c c c




 ∂ −  
 = − = − ∂ +   + 
 
            (4.4) 
where  
/M SS c c=  
is defined as the shear-band instability index (SBI). Eq. (4.4) suggests that the 
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instability of a shear band is completely controlled by SBI as well as the property of 
the sample. The first term within the bracket on the right hand side of Eq. (4.4) 
depends only on the material and geometrical properties of the sample and must be 
positive for an instability to develop; the second term within the bracket shows that 
SBI plays the role of a single controlling parameter for the onset of shear-band 
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ξ  is equivalent to 
crSS >                              (4.6) 
In principle, it may be possible to determine crS  from a first principle calculation 
based on a thorough understanding of the detailed physical mechanisms behind the 
shear-band instability. At the moment, this understanding is not yet available. On the 
other hand, we can treat crS  as a phenomenological parameter to be determined 
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as a single controlling parameter, where 1( )M Mcκ −=  is the stiffness of the testing 










= = , EY, d  and ρ  are the stiffness, Young’s 
modulus, diameter and aspect ratio (height to diameter ratio) of the sample. When 
crS S< , the shear banding and the resulting deformation are expected to progress in a 
stable fashion. When crSS > , shear banding is unstable and the resulting 
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deformation is expected to run unstably on one dominant shear band.   
 
 
Figure 4.3 A schematic representation of the sample-machine system, with u denoting a 
displacement imposed on the system, and ξ being an internal variable (e.g. the length or 




4.4.1 Samples with an aspect ratio (ρ) of 2:1 
 
The concept of SBI suggests that the critical size for stable shear banding scales with 
the stiffness of the testing machine. It also indicates that for samples of the same size, 
higher machine stiffness will retard instability and thus results in more plasticity; for a 
given stiffness, smaller samples will show higher stability/plasticity. In order to verify 
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the validity of these predictions, a series of tests were conducted with a range of 
controlled values of sample size and machine stiffness.  
 
 
Figure 4.4 Engineering stress-strain curves of 2:1 samples measured for a range of controlled 
values of sample size and machine stiffness. The red curves with full circles represent stable 
behaviors, while green curves with triangles represent unstable behaviors of shear banding. 
The sample diameter (d) and testing machine stiffness (κM) are both indicated in each curve. 
The enlarged views of the plastic part of two representative curves showing a positive slope 
and a negative slope, respectively, are provided.  
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The measured stress-strain behaviors of the 2:1 samples are plotted in Figure 4.4 
for different values of the machine stiffness and sample size (diameter). We identify 
that samples giving the stress-strain curves (marked with full circle) with a 
characteristic positive slope after yielding also show formation of multiple shear 
bands during the plastic deformation. The appearance of the deformed 1 mm sample 
tested at a machine stiffness of 81200 N/mm is shown in Figure 4.5(a), with its 
stress-strain curve shown in Figure 4.4(a). This sample was compressed into a disk 
with a plastic strain of ~75%, and without fracture. Intense shear bands can be 
observed in the side view of the deformed sample. The enlarged part of the 
stress-strain curve of this sample shows weak and irregular serrations, indicating that 
the plastic deformation was carried by the simultaneous operation of multiple shear 
bands. Eight identical 1 mm samples were tested at a machine stiffness of 81200 
N/mm, and the tests were manually stopped at different amounts of plastic strain (εp) 
from 2.5% to 75%. The engineering stress-strain curves of these samples are shown in 
Figure 4.6, from which a constantly positive slope can be observed for all samples 
irrespective of the plastic strain reached. Figure 4.5(b) shows the 1 mm sample 
compressed to a plastic strain of ~3%, clearly demonstrating the multiple shear bands 
formation in multiple directions at the initial stages of plastic deformation. This 
observation is significant, since no geometrical confinement (i.e., 1:1 in aspect ratio) 
has occurred at such initial stages. When the 1 mm sample was compressed to a 
plastic strain of ~37% (see Figure 4.5(c)), it is observed to deform into a few parts, 
and a further compression on it will result in a disk-shaped appearance. Based on our 
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observations from multiple similar tests, the deformation process is supposed to begin 
with the random emission of multiple shear bands. After a certain amount of plastic 
strain, one or a few shear bands become prominent, while the further plastic 
deformation is still carried by the simultaneous operation of multiple shear bands. 
Then when the sample reaches a constrained geometry (1:1 in aspect ratio), it 
undergoes almost uniform deformation, as shown in Case 3 of Chapter 3. It needs to 
be emphasized that a stress-strain curve (after the yield point) with a positive slope 
and irregular serrations should always signify the simultaneous operation of multiple 
shear bands, as represented here. 
 
 
Figure 4.5 SEM micrographs of the deformed 1 mm samples tested at a machine stiffness of 
81200 N/mm. (a) The side view and top view of the deformed sample compressed to a plastic 
strain of ~75%, giving rise to the stress-strain curve displayed in Figure 4.4(a); (b) the side 
view of the deformed sample compressed to a plastic strain of ~3%; (c) the side view of the 
deformed sample compressed to a plastic strain of ~37%. A salient feature is that multiple 
shear bands in multiple shearing directions can be observed in all of the deformed samples. 
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Figure 4.6 Engineering stress-strain curves of 1 mm 2:1 samples tested at a machine stiffness 
of 81200 N/mm. The tests were manually stopped at different amounts of plastic strain (εp) 
from 2.5% to 75%. The inset shows the enlarged view at relatively lower stresses from 1000 
MPa to 2000 MPa. 
 
 
Figure 4.7 (a) The SEM micrograph showing the typical appearance of the 1.5 mm and 2 mm 
samples, giving the stress-strain curves (marked with full circle) with a characteristic positive 
slope after yielding in Figure 4.4; (b) the SEM micrograph of the deformed 3 mm sample 
tested at a machine stiffness of 147800 N/mm, giving the stress-strain curve displayed in 
Figure 4.4(a). Multiple shear bands in mainly two directions can be observed in the two 
micrographs, with those in (a) being more salient.   
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Figure 4.8 (a) The SEM micrograph of the deformed 1 mm sample tested at a machine 
stiffness of 22800 N/mm, exhibiting extensive shear along one dominant shear band. The 1.5 
mm and 2 mm samples tested at machine stiffness of 25700 and 27900 N/mm, respectively, 
show similar deformation mode with this. (b) The SEM micrograph showing the typical 
appearance of the deformed samples, failing catastrophically, corresponding to the 
stress-strain curves with zero plastic strain. 
 
In addition, the typical appearance of the deformed 1.5 mm and 2 mm samples, 
giving stress-strain curves with a positive slope is exemplified in Figure 4.7(a). 
Multiple shear bands in mainly two directions can be observed. It has been observed 
that for the 1.5 mm and 2 mm samples, one dominant shear band, which evolves from 
one of the preceding multiple shear bands, would form after a plastic strain of 
normally less than 10%. The subsequent plastic deformation along the dominant shear 
band gives rise to a negative slope of the stress-strain curve. Furthermore, the 3 mm 
sample tested at a machine stiffness of 147800 N/mm is characteristic of an initial 
positive slope within a limited plastic strain, followed by a subsequent negative slope 
of its stress-strain curve. Correspondingly, the appearance (see Figure 4.7(b)) of the 
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deformed 3 mm sample exhibits total fracture along a dominant shear band, with a 
few secondary shear bands in various directions. The evidences from the stress-strain 
curve along with the sample appearance suggest that the initial plastic deformation of 
this 3 mm sample is still through multiple shear banding. All of the above facts 
together demonstrate that no single shear band has run unstably in these samples, at 
least at the very initial stage of plastic deformation, signified by a characteristic 
positive slope of the stress-strain curve. Therefore, we regard a positive slope of the 
stress-strain curve after yielding as a stable behavior.  
 
Table 4.2 “Stable” or “unstable” identification of each sized 2:1 Zr64.13Cu15.75Ni10.12Al10 BMG 








1 81200 stable Positive slope; multiple shear bands 
1 52000 stable Positive slope; multiple shear bands 
1 22800 unstable Negative slope; one dominant shear band 
1.5 93200 stable Positive slope; multiple shear bands 
1.5 25700 unstable Negative slope; one dominant shear band 
2 99900 stable Positive slope; multiple shear bands 
2 66200 stable Positive slope; multiple shear bands 
2 27900 unstable Negative slope; one dominant shear band 
3 147800 stable Positive slope; multiple shear bands 
3 78100 unstable Catastrophic fracture with no plasticity 
3 30800 unstable Catastrophic fracture with no plasticity 
4 159000 unstable Catastrophic fracture with no plasticity 
4 31300 unstable Catastrophic fracture with no plasticity 
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On the other hand, we find that samples with the stress-strain curves marked with 
triangle either fail catastrophically with zero plasticity or slide progressively along a 
single dominant shear band, resulting in a negative slope of the stress-strain curve on 
and after yielding. The 1 mm sample tested at a machine stiffness of 22800 N/mm has 
been observed to plastically deform along a single dominant band without full fracture, 
as shown in Figure 4.8(a). The enlarged part of the stress-strain curve of this sample 
shows regular serrations, confirming that the plastic deformation progresses along one 
dominant shear band in an intermittent manner. Further compression on this sample 
will not result in fracture because the tip of the upper part of the sample will tough the 
crosshead of the machine, preventing the shear off failure. The 1.5 mm and 2 mm 
samples tested at machine stiffness of 25700 and 27900 N/mm, respectively, show 
similar deformation mode as that shown in Figure 4.8(a), while the 2 mm samples 
have been observed to undergo sudden failure after a plastic strain of normally less 
than 6% (will be discussed in Chapter 5). In addition, the typical appearance of the 
sample failing with zero plastic strain, is representatively shown in Figure 4.8(b), 
with only one observable shear band. In our study, the 3 mm samples tested at 
machine stiffness of 30800 and 78100 N/mm, and all the 4 mm samples tested show 
this kind of behavior. Here, the formation of a single dominant shear band is taken as 
the evidence for unstable (run-way) behavior of shear banding, corresponding to a 
characteristic negative slope of the stress-strain curve. Therefore, we regard a negative 
slope of the stress-strain curve after yielding as an unstable behavior. Table 4.2 
summarizes Figure 4.4 by giving a definite identification (to be stable or unstable) for 
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each sized samples tested at a specific machine stiffness. 
Generally, for a given machine stiffness, there is a transition from unstable to 
stable behavior when the sample size is reduced. As seen in Figure 4.4(a, b), the 
maximum plastic strain before the unstable behavior occurs, increases as the sample 
size is reduced from 4 mm to 1 mm. More significantly, the stiffness of the testing 
machine also shows a strong influence on the test results. When the stiffness of the 
machine is increased, the same sized sample starts to exhibit better stability (more 
plasticity). For example, the 1 mm sample tested at a machine stiffness of 22800 
N/mm showed an unstable behavior by failing along one dominant shear band as 
shown in Figure 4.8(a), while the same sample tested at a stiffness of 52000 N/mm 
showed a stable behavior at least before a plastic strain of 5%. The extreme case of 
this study is that when the machine stiffness is further increased to 81200 N/mm, the 
same sample can be compressed to beyond 75% plastic strain with uniformly 
distributed shear bands without fracture (see Figure 4.5(a)). In this situation, the 
sample deforms continuously by simultaneous operation of multiple shear bands. We 
have carried out numerical simulations (see Section 4.5.4) to show this is indeed 
possible, i.e., stable shear banding at low SBI. 
The above stable/unstable behaviors are summarized in Figure 4.9. There are 
clearly distinct stable and unstable regions reasonably separated by a straight line, in 
agreement with the predictions based on SBI. The slope of the dividing line shows 
that the value of critical S for the MGs under study is around 0.72 (using EY=78 GPa 
in Eq. (4.7)) for the samples with an aspect ratio of 2:1. The significance of the 
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dashed line will be discussed in Section 4.5.2. 
 
 
Figure 4.9 A stability/instability map with respect to the sample size (d) and machine stiffness 
(κM) for 2:1 samples. 
 
4.4.2 Samples with an aspect ratio (ρ) of 1:1 
 
To further verify this concept, a series of samples with a diameter of 1 to 4 mm and an 
aspect ratio of 1:1 were compressed at similar values of the machine stiffness as those 
shown in Figure 4.4. The measured stress-strain behaviors are plotted in Figure 4.10. 
And Table 4.3 summarizes Figure 4.10 by giving a definite identification (to be 
stable or unstable) for each sized samples tested at a specific machine stiffness. It is 
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found that the 3 mm sample tested at a machine stiffness of 30800 N/mm and the 4 
mm sample tested at a machine stiffness of 31300 N/mm still fail through the unstable 
mode (see Figure 4.10 and Figure 4.11(a)), while the rest of samples tested all exhibit 
stable behavior (see Figure 4.10 and Figure 4.11(b)). The stable/unstable behaviors 
for 1:1 samples are summarized in Figure 4.12. With a steeper division line 




Figure 4.10 Engineering stress-strain curves of 1:1 samples measured for a range of 
controlled values of sample size (d) and machine stiffness (κM). 
4. An instability index of shear band for plasticity in MGs 
87 
 
Table 4.3 “Stable” or “unstable” identification of each sized 1:1 Zr64.13Cu15.75Ni10.12Al10 BMG 








1 81200 stable Positive slope; multiple shear bands 
1 22800 stable Positive slope; multiple shear bands 
1.5 25700 stable Positive slope; multiple shear bands 
2 27900 stable Positive slope; multiple shear bands 
3 30800 unstable Catastrophic fracture with no plasticity 
4 159000 stable Positive slope; multiple shear bands 
4 31300 unstable Catastrophic fracture with no plasticity 
 
 
Figure 4.11 SEM micrographs of 4 mm 1:1 samples tested at a machine stiffness of (a) 31300 
N/mm, exhibiting an unstable behavior of shear banding by forming one dominant shear band, 
and (b) 159000 N/mm, exhibiting a stable behavior of shear banding by forming dense shear 
bands, and thus uniform deformation, respectively. 
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Figure 4.12 A stability/instability map with respect to the sample size (d) and machine 




4.5.1 Effect of machine stiffness 
 
Figure 4.9 and Figure 4.12 can serve as stability/instability maps with respect to the 
sample size and machine stiffness, showing where conditions in favor of stable plastic 
deformation can be obtained. For a fixed sample aspect ratio ρ and Young’s modulus 
EY, higher machine stiffness Mκ  and smaller sample size d tend to decrease S and 
suppress the formation of one dominant shear band, thereby promoting simultaneous 
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operation of multiple shear bands. Oppositely, lower machine stiffness and larger 
sample size tend to increase S and promote the formation of a single dominant shear 
band. The extreme case of zero machine stiffness 0Mκ = , in which case a very large 





= = ∞ ), 
corresponds to an ideal load-controlled testing condition which tends to promote 
instability whenever a softening mechanism exists. The opposite case of infinite 
machine stiffness Mκ = ∞ , in which case 0ME = , corresponds to an ideal 
displacement-controlled testing condition which tends to suppress brittle instability.  
Most previous studies on the plastic deformation of monolithic BMGs may have 
ignored the influence of the testing machine energy. The S factor, in an energy point 
of view, can be expressed as 

















 are the elastic energy stored in the 
machine and the sample, respectively. The S values calculated for all the 2:1 samples 
tested on three machines are plotted in Figure 4.13. It has been proved that the BMG 
sample undergoes stable shear banding when its S value is less than the critical S 
value “Scr” for the current alloy, which has been calculated to be ~0.72 for the 2:1 
samples and marked by the dashed line in Figure 4.13. Moreover, the lower the S of a 
sample, the more stable is the shear banding behavior. It is noted that even for our best 
case with the lowest S, i.e. the 1 mm sample tested on the “machine 1”, the energy 
stored in the machine is still a sizable 38% of that in the sample. For the 4 mm sample 
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tested on the “machine 3”, the energy stored in the machine is nearly 4 times that of 
the sample. This indicates that perhaps most of the reported results in the literature are 
under strong influence of the testing machine, just to different degrees. Furthermore, 
the concept of SBI indicates that even small monolithic MG samples, perhaps right 
down to the micrometer range, can still fail either stably or unstably depending on the 
machine stiffness. This is consistent with a few reports [75,77,154]. Of course when 
the sample becomes extremely small (e.g. on the order of shear-band width), other 
factors may intervene.   
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It is noted that the machine stiffness has once been considered in the 
interpretation of the serrated flow in BMGs [164]. In that work, the authors provided a 
model for estimating the serration amplitude (or load drop magnitude) when a sample 
is tested on a perfectly rigid machine, after knowing the serration amplitude of the 
same sample tested on a machine with limited/known stiffness. However, they did not 
consider the influence of the energy release rate upon shear banding on the number of 
shear bands generated, while in fact only one dominant shear band formation was 
observed/assumed in the experiments/model.  
Another point worth noting here is that MGs with different intrinsic malleability 
may possess distinct values of the critical SBI which can only be obtained from 
experiments. The widely observed brittle BMG systems, such as the Fe- [117,166], 
Mg- [167], and the Y-containing Zr-based alloys (as shown in Chapter 2) are 
supposed to have very low critical SBI, while several Pt- [74], Zr- [69], and Cu-based 
[33] alloys, which have been reported to be plastic, are expected to exhibit high 
critical SBI. 
 
4.5.2 Upper size limit for stability and intrinsic size effect 
 
We point out that the theory of SBI has so far only been established for a quasi-static 
system. For large samples, dynamic energy transport is of growing importance and it 
may be necessary to extend this concept to a fully dynamic system. For example, even 
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in the case of infinite machine stiffness, it is conceivable that the sample may still 
exhibit an intrinsic size effect in the sense that, when the sample size is larger than a 
critical one, the energy stored in the sample itself will be sufficient to promote a 
shear-band instability.  It should be possible to work out an upper limit size dc under 
Mκ = ∞  (or 0ME = ), if the critical fracture energy γc, which equals to the total 
energy ET released upon failure divided by the total fracture area A in brittle fracture, 
is estimated. It follows that 
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        (4.9) 
where the denotations with the subscript “e” represent the experimentally determined 
quantities for brittle fracture at a critical observed sample size de, and the denotations 
with the subscript “c” represent the estimated values for brittle fracture under the 
condition of Mκ = ∞  and cd d= . To be clear, the expression on the rightmost 
describes such a condition that all the energy resulting in the fracture, comes from the 
elastic energy release of the sample alone when Mκ = ∞ . Based on Eq. (4.9), the 
critical size dc can in principle be estimated.   
It is found in Figure 4.4(a) for 2:1 samples that the 4 mm sample begins to fail 
without any apparent plasticity. Therefore, “4 mm” is taken as the critical size for 
brittle fracture at a machine stiffness of 159000 N/mm. Well before the brittle fracture 
of this 4 mm sample, the elastic energy stored in the machine can be estimated to be 
( ) ( ) ( ) ( ) ( )/ 0.77M e S e S e M e S eE E Eκ κ= =  
where the elastic energy stored in the sample is 
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where de (=4 mm), σ, and EY are the diameter, the yield strength, and the Young’s 
modulus of the sample, respectively. Substituting the above expressions into Eq. (4.9), 
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where 22 / 2e eA dpi=  and 
22 / 2c cA dpi=  by taking the shear plane at 45° to the 
loading axis, and de = 4 mm. (It is noted that the yield strength for various sized 
samples almost keeps constant.) Consequently, the upper limit size dc for brittle 
fracture under Mκ = ∞ , is calculated to be ~7 mm based on Figure 4.4(a).  
If we look at Figure 4.4(b), the 3 mm sample begins to fail without any apparent 
plasticity at a machine stiffness of 78100 N/mm. To double check the accuracy of the 
estimated dc value, “3 mm” under such a condition is taken as the critical observed 
sample size de, and the above calculation procedure has been repeated. Here, well 
before the brittle fracture of this 3 mm sample, the elastic energy stored in the 
machine is estimated to be 
( ) ( ) ( ) ( ) ( )/ 1.18M e S e S e M e S eE E Eκ κ= =  
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Then the upper limit size dc for brittle fracture under Mκ = ∞ , is calculated to be ~6.5 
mm based on Figure 4.4(b). 
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Based on these two critical observed sample sizes, the estimated dc values are 
quite consistent at around 7 and 6.5, respectively. Therefore, for the present 
Zr64.13Cu15.75Ni10.12Al10 BMG with an aspect ratio of 2:1 under Mκ = ∞ , the critical 
diameter beyond which the stable shear banding can not be achieved whatsoever, is 
predicted to be around 7 mm. This provides an upper limit for the stability region in 
the map as shown in Figure 4.9. 
 
4.5.3 Effect of the sample aspect ratio 
 
The critical S determined for 1:1 samples is more than 5 times larger than that for 2:1 
samples. We realize that the critical S is not only material dependent, but also 
aspect-ratio dependent. It is apparent that the larger the critical S, the easier the stable 
behavior can be achieved. This explains why 1:1 samples have been widely observed 
to be stable. Our findings point out that stable shear banding cannot be obtained in 
sufficiently large samples and simultaneously at low machine stiffness even for 
samples with an aspect ratio of 1:1. The unstable mode exhibited by the 3 mm and 4 
mm 1:1 sample suggests that the machine stiffness, i.e. the energy stored in the testing 
machine, has a stronger influence on the mechanical behavior of MG samples than the 
geometrical confinement.  
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4.5.4 Numerical studies of shear band behaviors at low SBI† 
 
To help understand the mechanism of plastic deformation by the formation of multiple 
shear bands in our monolithic BMGs, our collaborator has performed finite element 
simulations for plastic deformation in a BMG rod under low SBI. The material is 
simulated by a Mohr-Coulomb type of constitutive model, where pressure-dependent 
plastic shearing revealed by both experiments [111,168] and atomistic simulations 
[148] in MGs is naturally taken into account. It is assumed that the local theoretical 
shear strength of the material exhibits fluctuations in accordance with our previous 
experimental investigations on the strength fluctuation of Zr-based BMGs [116]. In 
our simulation, a uniform distribution of local shear strength in the range of 700±50 
MPa is assumed to represent the nanoscale fluctuation of internal cohesion in the 
material. The final fracturing process is not addressed here considering the emphasis 
of the study is to investigate the plastic deformation before failure.  
In this simulation, a cylindrical sample with a diameter of 1 mm and height of 2 
mm is compressed by two rigid surfaces, corresponding to Mκ = ∞ , giving rise to the 
lower limit of SBI: S=0. Figure 4.14(a) shows the initial fluctuation of local shear 
strength. The equivalent plastic shear strain contours at the macroscopic plastic strains 
of 10%, 25%, and 40% are shown in Figure 4.14(b, c, d), respectively. The simulated 
stress-strain curve is compared with that of the 1 mm sample tested at a stiffness of 
                                                        
†
 This simulation part was done by Dr. Wei Yujie in Prof. Gao Huajian’s research group (Division of 
Engineering, Brown University) through collaborative work. Permission has been obtained from the 
authors to allow putting in this thesis for a better illustration. 
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81200 N/mm as shown in Figure 4.15. 
Figure 4.14 and Figure 4.15 evidently show that the simulated results 
reproduced the essential features of the deformation behaviors observed in 
experiments, especially before a plastic strain of ~12% (see Figure 4.15). Due to the 
statistical fluctuation of the local shear strength in the material, some regions are 
slightly weaker than others, and the STZs tend to initialize first in the weakest regions, 
with relatively stronger regions serving as barriers to the extension of any one 
dominant shear band. As a result, multiple small shear bands (yellowish regions) in 
conjugated shearing directions are observed in Figure 4.14(b) at a plastic strain of 
10%, but none of these shear bands dominates the deformation at this stage. As the 
deformation proceeds, there is accumulated softening (generation of free volume) in 
the system which eventually leads to localized deformation in one or two dominant 
shear bands. In this simulation, two dominant shear bands appear at a plastic strain of 
40%, as shown in Figure 4.14(d). The simulated contours are consistent with our 
experimental observations of the shear band behaviors under low SBI as shown in 
Figure 4.5. It is noted that the dominant shear bands appear at a larger plastic strain in 
simulation than those in experiments. This is suspected to result from the difference in 
machine stiffness (i.e., an unlimited machine stiffness in simulation compared to a 
limited machine stiffness in experiments), because the machine stiffness has been 
proven to play a very important role in the shear banding of MGs.  
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Figure 4.14 Modelling on the deformation behavior of a BMG sample with a diameter of 1 
mm: (a) the initial heterogeneous distribution of cohesion; the equivalent plastic strain 
contour at (b) εp=10%, multiple small shear bands can be observed at this state; (c) εp=25%; 
(d) εp=40%, plastic deformation is now dominated by two shear bands. 
 
 
Figure 4.15 The simulated stress-strain curve (in blue) corresponding to Figure 4.14 in 
comparison with that (in red) of the 1 mm sample tested at a stiffness of 81200 N/mm. 
 




Through conducting a series of carefully controlled mechanical tests on BMG 
samples with a range of sample sizes and machine stiffness, a more comprehensive 
understanding of the plastic deformation of MGs via shear banding have been 
achieved. The major conclusions can be drawn as follows: 
(1) The deformation and failure of MGs via shear banding was demonstrated to be 
governed by a single system parameter, termed as the shear-band instability 
index (SBI), which is proportional to the sample size and inversely proportional 
to the machine stiffness. This index sets the condition where stable shear 
banding and even high plasticity can be obtained in MGs, i.e., small samples on 
stiff machines.  
(2) Since most of the previously reported results on the mechanical behavior of 
MGs were perhaps entirely interpreted without incorporating the influence of 
the testing machine, the concept of SBI is of fundamental importance for a shift 
of paradigm in the future study of MGs.  
(3) It is noted that the deformation mechanisms reported here should not be limited 
to compressive responses of monolithic BMGs. Sustained tensile ductility may 
also be achievable under sufficiently small sample size and large enough 
machine stiffness. This is currently under investigation. 
 





Cooperative shear and catastrophic 





Normally with limited apparent plastic deformation, the fracture in metallic glasses 
(MGs) under room-temperature uniaxial compression/tension is generally believed to 
be a catastrophic instability process [169,170], usually along a dominant shear band 
[83,171]. However, despite extensive studies on their deformation and fracture 
behaviors, the detailed fracture mechanism of MGs still eludes us.  
Right from the beginning of the very first few studies [83,172] on the mechanical 
behaviors of MGs, two morphologically distinct zones have been observed on the 
fracture surface of MG samples under tension. The first one is a smooth featureless 
zone [83,86,172-176], which is immediately followed by the second zone with vein or 
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river patterns [83,86,172-176], as schematically shown in Figure 5.1(a). It can 
therefore be envisioned that the plastic deformation process through shear-band 
instability comprises two stages according to these two distinct zones. 
 
 
Figure 5.1 Schematic illustrations of (a) the typical fracture surface of metallic glasses 
showing a smooth featureless zone followed by vein patterns with the shear direction 
indicated by an arrow, and (b) their deformation process, beginning with a cooperative shear, 
which is followed by a catastrophic fracture. 
 
The reported smooth featureless zone [83,86,172-176] ranging from 
sub-micrometers to a few tens of micrometers in width at the edge of the fracture 
surface has been proposed to result from a shear event (i.e., a cooperative shear 
[82,112,177]), serving as the initial stage of the plastic deformation. Furthermore, it is 
noticed that in some cases [68,71,163,178], this smooth zone contains regularly 
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spaced striation pattern, indicating that the shear occurred in an intermittent fashion, 
suggesting a complexity of the shear stage. The vein patterns in the following zone, 
on the other hand, are indicative of the reduced viscosity leading to the softening of 
the shear band [45,79-81]. Basically, this fractographic feature signifies a catastrophic 
instability process of the shear band, i.e., the eventual fracture of MGs.  
Based on these observations, it is believed that the plastic deformation process of 
MGs should begin with one (or multiple) shear event(s) and then probably proceed to 
a catastrophic fracture, as schematically shown in Figure 5.1(b). In principle, the 
prior cooperative shear, which does work in the shear band, should have important 
consequences on the succeeding catastrophic fracture along this shear band. Therefore, 
the relationship between these two events has to be studied carefully. However, it has 
been noted that the majority of the fractographic studies thus far has been focusing on 
the vein patterns, while less attention has been paid to the prior smooth zone. Here we 
focus our investigation on the evolution of the surface morphologies mainly on the 
shear stage, manifested by a relative smooth zone, and on its correlation with the 
second stage, i.e., the catastrophic fracture, in bulk metallic glass (BMG) samples 
with a range of sample sizes and machine stiffness. In particular, the length scales of 
the characteristic morphologies produced during the shear stage have been studied 
carefully. Our systematic study provides an understanding of the plastic serrated flow 
and the fracture mechanism of BMGs.  
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5.2 Experimental procedure 
 
The Zr64.13Cu15.75Ni10.12Al10 BMG rods with diameters from 1 to 4 mm were prepared 
by the similar arc-melting and copper mould casting methods as presented in Chapter 
2. The amorphousity of these rods had been confirmed as discussed in Chapter 3 and 
Chapter 4. Then the test samples were grinded to have an orthogonal geometry and 
an aspect ratio of ~2:1 following the same procedure as discussed in Chapter 2. 
Uniaxial compression tests were conducted at room temperature with a constant strain 
rate of 1×10-4 s-1 using the LLOYD (model EZ50) universal materials testing machine. 
The scanning electronic microscopy (SEM, Philips XL30 FEG instruments) was 
employed to examine carefully the shear/fracture surfaces as well as the side 
appearances of the deformed/fractured samples. 
 
 
Figure 5.2 (a) to (e) Appearances of the deformed samples with a diameter from 1 to 4 mm, 
respectively, with the corresponding top views (f) and (g), or fracture surfaces (h), (i) and (j) 
shown below. 
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Figure 5.3 (b) The shear surface morphology of the deformed 1 mm sample, with the 
corresponding part of the load-displacement curve shown in (a). Similarly, (c) (d), (e) (f), (g) 
(h), and (i) (j) are for 1.5, 2, 3 and 4 mm samples, respectively. The micrographs are taken 
from the areas surrounded by the dashed squares in Figure 5.2, with the shear direction 
indicated by an arrow. The cross in (e), (g) and (i) indicates where the catastrophic fracture 
began to occur for 2, 3 and 4 mm samples. 





5.3.1 Identification of two morphologically distinct zones 
 
The appearances of the deformed 1 to 4 mm samples are shown in Figure 5.2(a) to (e), 
with the corresponding top views (Figure 5.2(f) and (g)) or fracture surfaces (Figure 
5.2(h) to (j)). It has been observed that the 1 and 1.5 mm samples deformed 
continuously in the form of shear without final fracture, while the 2, 3, and 4 mm 
samples exhibited the eventual catastrophic fracture. Except for the 4 mm sample 
which shows only one shear band, other sized samples show one dominant shear band 
along with few secondary ones.  
The shear/fracture surface morphologies (taken from the area surrounded by the 
dashed square in Figure 5.2) of each sized sample are displayed in Figure 5.3(b), (d), 
(f), (h) and (j), with the corresponding parts of the load-displacement curves shown in 
Figure 5.3(a), (c), (e), (g) and (i), respectively. It is important to note that the 
morphology of the surfaces is characterized by two distinguished zones. There is a 
relative smooth zone on the periphery of the surfaces. For the 1, 1.5 and 2 mm 
samples shown in Figure 5.3(b), (d) and (f), the smooth zone comprises regularly 
spaced striations. This pattern has been reported to arise from the intermittent sample 
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sliding (shear) [68,71,163,178]. For the 3 and 4 mm samples, no obvious steps can be 
observed in the smooth zone. Moreover, for the 2, 3 and 4 mm samples, undergoing 
catastrophic fracture, there is a second zone with the vein patterns following the 
smooth zone (see Figures 5.2 and 5.3). The morphology study clearly demonstrates 
that the relative smooth zone is associated with the cooperative shear event(s), while 
the following zone with the vein patterns is associated with the catastrophic fracture. 
 
5.3.2 Length scale of a single shear event 
 
In the smooth zone of the 1 mm sample, the striation spacing ∆us(=∆u/sinθ) along the 
shear direction ranges from 1.5 to 2.4 µm, where ∆u is the spacing of the striation 
projected on the horizontal plane, which is measured directly from Figure 5.3(b), and 
θ is the shear angle. The corresponding vertical traveling distance ∆uc(=∆u/tanθ) 
ranges from 1.2 to 1.8 µm. The values of ∆u, ∆us and ∆uc are listed in Table 5.1. In 
addition, for this 1 mm sample, the average displacement for a single serration ∆da is 
measured to be ~1.8 µm based on the load-displacement curve in Figure 5.3(a). It is 
noted that the ∆da of 1.8 µm lies well within the range of ∆uc. This observation 
strongly indicates that each load drop corresponds to a single shear event, producing a 
step on the shear surface, while intermittent shear produces the striation pattern. The 
∆uc and ∆da measured for the 1.5 and 2 mm samples are also listed in Table 5.1, 
which consistently shows that the ∆da is within the range of ∆uc, confirming the 
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correlation between the flow serrations and striations. Such a correspondence has 
been speculated before [68,178], however, different view [179] on that the shear steps 
are not associated with the serrations remains. Obviously, our observation supports 
the former view. A close examination on Figure 5.3(d) and (f) reveals that the spacing 
of the shear step increases as the shear event progresses along the arrow direction, 
which corresponds well with the fact that an increase in the load drop magnitude 
occurs with increasing displacement as shown in Figure 5.3(c) and (e). This serves as 
another support to the correspondence between the flow serrations and striations.  
 
Table 5.1 Typical measured and calculated values associated with the shear events for 1 to 4 











1 41° 1 - 1.6 1.5 – 2.4 1.2 - 1.8 1.8 
1.5 42° 2.7 - 4.2 4 – 6.3 3 - 4.8 4.5 
2 45° 3 - 9 4.2 – 12.7 3 - 9 7.8 
3 45° ~171 241.8 171 ― 
4 45° ~305 431.3 305 ― 
Here, d denotes the sample diameter; θ denotes the measured shear angle; ∆u denotes the 
spacing of the striation projected on the horizontal plane, which is directly measured from the 
SEM micrographs in Figure 5.3. ∆us(=∆u/sinθ) is the striation spacing along the shear 
direction, while ∆uc(=∆u/tanθ) is the corresponding vertical traveling distance of a single 
shear event. ∆da(=total displacement/total number of serrations) denotes the average 
displacement for a single serration, measured from the load-displacement curves shown in 




5. Cooperative shear and catastrophic fracture of BMGs from a shear-band instability perspective 
107 
 
Figure 5.4 The length scale of a single shear in the vertical direction ∆uc, and the average 
displacement for a single serration ∆da, as functions of the sample diameter d. The ∆uc is 
corrected from the directly-measured striation spacing as displayed in Figure 5.3. For the 1 to 
2 mm samples, the ∆uc is represented by an error bar that marks the range of measurement 
(the blue square in the error bar marks the mid point of the range); while for the 3 and 4 mm 
samples, the ∆uc is represented by a single blue square, corresponding to the measurement of 
one single step of shear. The ∆da, marked by pink triangle, is measured from the 
load-displacement curves in Figure 5.3. The corresponding ∆uc and ∆da values are also listed 
in Table 5.1. 
 
The as-converted ∆uc (from ∆u as marked in Figure 5.3(h) and (j)) for the 3 and 
4 mm samples are around 171 and 305 µm, respectively, demonstrating a large step of 
shear for each sample. One important observation is that the length scale of a single 
shear ∆uc trends up as the sample size increases. This trend is clearly shown in Figure 
5.4, where ∆uc as well as ∆da are plotted as functions of the sample diameter d. Note 
that for the 1 to 2 mm samples, the ∆uc is represented by an error bar that marks the 
range of measurement (the blue square in the error bar marks the mid point of the 
range); while for the 3 and 4 mm samples, the ∆uc is represented by a single blue 
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square, corresponding to the measurement of one single step of shear. In addition, it 
clear to see again that the value of ∆da compares well with the range of ∆uc for the 1 
to 2 mm samples. 
To summarize the above observations, the 1 and 1.5 mm samples deformed by 
intermittent shear all the way without fracture to follow, giving rise to a relative 
smooth zone with the striations on the shear surface, while the 2, 3 and 4 mm samples 
exhibited shear event(s) followed by the catastrophic fracture, characterized by a 
smooth zone plus vein patterns on the fracture surface. It is significant to note that the 
length scale of a single shear increases with the sample size. Moreover, it appears that 
the shear with smaller length scales in small samples is stoppable, while that with 
much larger length scales in the large 3 and 4 mm samples is unstoppable, leading to 




5.4.1 Interpretation of the increasing length scale of a single shear 
(∆uc) for increasing sized samples 
 
It has been pointed out in Chapter 4 that the plastic deformation and failure of MGs 
through shear banding is really an instability process, which is governed by an S 
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= = =                       (5.1) 
where ME  and Mκ  are the elastic energy stored in the testing machine and the 
machine stiffness, respectively, while SE , Sκ , EY, d and ρ  are the elastic energy, 
stiffness, Young’s modulus, diameter and aspect ratio (height to diameter ratio) of the 
sample, respectively. Essentially, the larger the S is, the more unstable the shear 
banding process will be. As expressed in Eq. (5.1), the S factor is proportional to the 
sample size (d), and inversely proportional to the machine stiffness ( Mκ ). Thus both 
sample size and machine stiffness control the sample stability.  
 
 
Figure 5.5 The length scale of a single shear in the vertical direction ∆uc as a function of the 
sample diameter d for two machines with different machine stiffness κM. The plot in blue is 
for the samples tested on the soft machine with smaller κM, while the plot in orange is for the 
samples tested on the stiff machine with larger κM. The samples tested on the soft machine are 
what we mainly studied and discussed in Section 5.3 and Section 5.4.2. 
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Figure 5.4 shows a clear trend of increasing cu∆  with increasing sample size d. 
Since increasing d is associated with increasing S, this observation suggests that the 
increasing cu∆  comes from an increasing level of the shear-band instability. 
In order to investigate the machine stiffness effect on the cu∆ , the 1 to 4 mm 
samples were also tested on a stiff machine (Shimadzu AG-25TB universal materials 
testing machine). The corresponding cu∆ has been evaluated, and plotted as a 
function of d in Figure 5.5, where the correlation between cu∆  and d for the 
previous series of samples tested on a relatively soft machine (as presented in Figure 
5.4) is plotted together for comparison. It is noted that, for the 1 to 4 mm samples 
tested on the stiff machine, the cu∆  has all been measured to be a range (represented 
by an error bar in Figure 5.5), corresponding to the measurements of multiple steps of 
shear. It is more significant to observe in Figure 5.5 that, for any given d, the cu∆  is 
smaller for the stiff machine with larger Mκ . To visibly demonstrate the effect of Mκ , 
the typical shear surface morphologies observed for the 1.5 mm samples tested on the 
soft and the stiff machines are shown in Figure 5.6(a) and (b), respectively. The 
directly-measured striation spacing is 2.7-4.2 µm for the soft machine, and 0.2-0.4 µm 
for the stiff machine. Again, the increasing cu∆  turns out to result from an 
increasing level of the shear-band instability, associated with decreasing Mκ . In 
summary, the length scale of a single shear serves as a measure of the shear-band 
instability level, which has been demonstrated to be controlled by the sample size and 
the machine stiffness, in accordance with the SBI theory [180]. 




Figure 5.6 The striation pattern observed in the 1.5 mm samples tested on (a) the soft 
machine with smaller κM, (b) the stiff machine with larger κM, respectively, corresponding to 
Figure 5.5. 
 
5.4.2 Interpretation of the serrated flow and catastrophic fracture 
in terms of temperature rises 
 
As a result of the work done during the cooperative shear, the shear band region will 
be heated up, resulting in a temperature rise, as discussed by others [98,179,181-184]. 
Moreover, temperature rises from just a few degrees [181-184] to a temperature that is 
sufficiently high to cause melting [98,179] have been suggested. Based on our 
observation, the small sized samples deform by intermittent shear without 
catastrophic fracture, manifested by successive small steps on the shear surface, while 
the samples beyond a critical size exhibit catastrophic fracture following a large step 
of shear. It is conceivable that the shear events with different length scales in various 
sized samples should result in temperature rises in various degrees. Therefore, the 
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extents of local heating of the shear bands in various sized samples need to be studied 
in an attempt to reveal their deformation and fracture mechanism. 
 
5.4.2.1 Heat equation 
 
Taking the operating shear band as a zero-thickness planar source of heat, the 
thin-film solution of the heat equation with a boundary condition of constant heat flux 
is used to evaluate the temperature rise at the center of the shear band when a single 
shear event is completed. Specifically, the evolution of the temperature profile 
( , )T x t∆ , at a distance x from the center of the shear band is given by [185] 
21( , ) exp
4p
H xT x t
c t tρ piα α
 ∆ = − 
 
                   (5.2) 
where ( , )T x t∆  is the temperature rise above ambient; H is the heat content (energy 
per unit area) of the shear band generated by a single shear; pc , α  and ρ  are the 
specific heat capacity, thermal diffusivity and density of the present alloy, which are 
taken to be 350 J/(kg•K), 2.2×10-6 m2/s and 6.52×103 kg/m3, respectively. What is 
evaluated is actually ( 0, )shearT x t t∆ = = , where sheart  denotes the duration of a 
single shear event. From Eq. (5.2), it is clear that the accurate estimation of the 
temperature rise is largely dependent on the accurate estimation of H and sheart . 
 
5.4.2.2 Estimation of the heat content H 
 
Basically, our estimation of H is based on the directly-measured values of stress and 
shear distance. Assuming the work done in the shear band is completely converted 
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into heat, the heat content H is then given by [177] 
cos siny s y sH u uτ σ θ θ= ⋅∆ = ⋅ ⋅ ⋅∆                     (5.3) 
where yτ  is the shear yield strength; yσ  is the normal yield strength, which is 
measured to be ~1650 MPa for all sized samples; θ is the shear angle; su∆  is the 
length scale of a single shear along the shear direction as listed in Table 5.1. It needs 
to be mentioned that in the calculation of H, the maximum su∆  (i.e., maxsu ⋅∆  as 
listed in Table 5.2) for each sized sample will be used. Accordingly, the calculated H 
for all sized samples are given in Table 5.2. It is admitted that a rigorous estimation of 
the work done in the shear band requires integrating the instant shear stress as a 
function of the shear displacement until the shear event is arrested. However, before 
that is available, our estimation based on Eq. (5.3) serves as a good average because 
the stress variation during a single shear event is rather small compared with the 
macroscopic yield strength.  
 









based on tshear = 1×10-3 s 
∆T (K) 
based on tshear = 10×10-3 s 
1 2.4 2 11 4 
1.5 6.3 5.2 27 9 
2 12.7 10.5 55 18 
3 241.8 199.5 1052 332 
4 431.3 355.8 1876 593 
Here, ∆us·max denotes the maximum ∆us listed in Table 5.1; H denotes the total heat content of 
the shear band generated by a single (maximum) shear; ∆T represents the temperature rise of 
the shear band after a single (maximum) shear, estimated based on two assumptions of the 
duration of shear tshear.   
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Table 5.3 Summary of the reported values for the shear duration ( sheart ). 
Shear duration  
tshear (s) 
Method Contributor Ref. 
0.2×10-9 Estimated by taking the shearing 
speed as nearly sound speed 
Lewandowski JJ and 
Greer AL 
[98] 
10-8 Estimated by analyzing the stress 
redistribution field 
Georgarakis K et al. [179] 
(0.5-5)×10-3 Direct measurement Wright WJ [186] 
(1-2)×10-3 Direct measurement Chen HM et al. [187] 
(30-70)×10-3 Direct measurement Dalla Torre FH et al. [178] 
 
5.4.2.3 Shear duration tshear 
 
With regard to the duration of shear sheart , it is noted that diverse values from 
nanoseconds (10-9 s) to milliseconds (10-3 s) have been found in the literature 
[98,178,179,186,187]. By taking the shearing speed as nearly sound speed, 
Lewandowski and Greer [98] estimated that the sheart  could be as low as 0.2×10-9 s. 
Later, through analyzing the stress redistribution field for a shear step to form, 
Georgarakis et al. [179] gave sheart  to be around 10-8 s. Besides the above estimation 
of sheart , directly measuring the time elapsed associated with an unloading event 
using instruments with high acquisition rates provided sheart  on the order of a few 
[186,187] to a few tens [178] of milliseconds (10-3 s). A summary of these reported 
values for the shear duration is given in Table 5.3. In addition, Loffler et al. [178] 
proposed that sheart  is irrespective of the size of the stress drop as well as the 
acquisition rates chosen. Their observation suggests that the average shearing speed 
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during larger steps of shear should be larger than that during smaller steps of shear, 
leading to an almost invariant duration of shear. This notion has been supported very 
recently [187]. Since the directly-measured duration of shear is more realistic, the 
sheart  on the order of 10
-3
 s [178,186,187] is adopted for all sized samples in our 
calculation.  
 
5.4.2.4 Temperature rise ∆T 
 
Based on the calculated H and taking sheart  as 1×10
-3
 s, the temperature rise T∆  
within shear bands after a single shear for the 1 to 4 mm samples were estimated 
according to Eq. (5.2). As shown in Table 5.2, for the 1, 1.5 and 2 mm samples, T∆  
are only a few tens of Kelvin, while for the 3 and 4 mm samples, T∆  are 1052 and 
1876 K, respectively. Assuming the ambient temperature is around 300 K, the 
temperatures reached are 1352 and 2176 K for the 3 and 4 mm samples, respectively. 
These values are much higher than the melting temperature of ~1100 K for the alloy 
studied. 
A similar calculation based on sheart =10×10
-3
 s for all sized samples was also 
carried out and the results are listed in Table 5.2. The T∆  estimated herein are lower 
than those estimated based on sheart =1×10
-3
 s. However, the trend of larger samples 
with higher T∆  is unchanged. For the 1 to 2 mm samples, temperature rises are 
insignificant, while for the 3 and 4 mm samples, the resulting temperature ( T∆ +300 
K) are 632 and 893 K, respectively, reaching and beyond the glass transition 
temperature of ~650 K for the present alloy. 
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It is obvious that the insignificant temperature rises estimated based on two sheart  
for the 1 and 1.5 mm samples can account for the stoppable shear events, leading to 
the serrated flow and the striation pattern. While for the 3 and 4 mm samples, the 
sufficiently high temperatures reached over the melting temperature (estimated based 
on sheart =1×10
-3
 s) of the present alloy certainly cause the unstoppable shear and the 
immediate catastrophic fracture. Similarly, as the temperature in the shear band 
approaches the glass transition temperature (as estimated based on sheart =10×10-3 s), 
the atomic mobility in and around the shear band is largely increased, promoting the 
catastrophic instability of the 3 and 4 mm samples in the same way. Basically, these 
interpretation of the serrated flow and fracture mechanism of BMGs match well with 
the morphologies observed on the shear/fracture surfaces of various sized samples. 
One may ask why the 2 mm sample still fractured catastrophically after a few steps of 
shear even though the T∆  during this process is estimated to be only 18 to 55 K. It 
is suspected that the medium sized 2 mm sample might suffer geometrical instability 
due to slight deviation from the uniaxial stress state after a certain amount of plastic 
deformation [188], leading to the premature catastrophic fracture. 
The above results showing the T∆  increases with the sample size can be used 
to explain the sample size independent sheart . It is plausible that the viscosity of the 
operating shear band in large samples should be lower than that in small samples due 
to higher temperatures reached, naturally resulting in a higher average shearing speed 
for large samples. Consequently, the probability that the shearing speed scales with 
the sample size (or the length scale of shear) rationalizes the assumption of the sample 
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size independent sheart .  
It has so far been realized that the estimated temperature rise T∆  is sensitive to 
the sheart , the magnitude of which is still controversial. However, essentially, the trend 
of larger samples with higher T∆ , and more specifically, samples beyond a critical 
size with 300T K∆ +  higher than the glass transition or melting temperature of the 
alloy studied, is consistent with the experimental observations as demonstrated here. 
This reasonably accounts for the deformation and fracture behaviors of various sized 
BMG samples, providing an understanding of the serrated flow and fracture 
mechanism of BMGs. Furthermore, our observation corroborates that the temperature 
rise is a consequence of shear, but not a cause of the shear bands initiation and 
localization. Alternatively, the shear dilatation models (the free-volume model 
[45,79,80] and the STZ model [81,82]) are suggested to be appropriate in explaining 
the mechanism of shear bands initiation and localization.  
 
5.4.3 Indication from a simulation work† 
 
A collaborative simulation work [189] quantitatively illustrates the conditions for (1) 
the serrated flow (or plastic deformation in a stick-slip manner) resulting from cold 
shear bands and (2) the catastrophic fracture evolving from a hot shear band. Such a 
                                                        
†
 This simulation work was done by Mr. Cheng Yongqiang in Prof. Ma En’s research group 
(Department of Materials Science and Engineering, Johns Hopkins University) through collaborative 
work. Permission has been obtained from the authors to allow putting in this thesis for a better 
illustration. 
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result of analysis significantly points out that the active shear bands are not 
necessarily hot. In addition, this work demonstrates that both the single shear distance 
and the shearing speed scale with the sample size and the machine stiffness. These 
results from theoretical analyses are consistent with our statements presented here, 
providing insights into the mechanisms of the plastic serrated flow and fracture in 
MGs.  
More specifically, based on the experimental results shown in Section 5.3 and 
theoretical inferences, an indicator in the form of (1 )crit critL Sλ = +  is given to 
represent the critical condition for achieving condition (1), where L is the sample 
length, and critS  is the critical S factor as discussed in Chapter 4. It reveals that the 
BMG with critλ λ<  is more likely to sustain a cold shear band with slow, 
stop-and-go growth of the shear offset, while the BMG with critλ λ>  will continue to 
slide without ever stopping, feeding more and more energy into the shear band and 
continuously raising the temperature, which in turn drives the shear band out of 
control. Moreover, several parameters have been found to be related to critλ , 
including the difference between the yield stress and flow stress (σy-σf), the Young’s 
modulus EY, the glass transition point Tg, the density ρ, the specific heat capacity cp, 
and the thermal diffusivity α of the BMG. Essentially, if a BMG has small EY (or 
equivalently Tg) and (σy-σf), and large ρ, cp and α, its critλ  will be larger. In other 
words, the BMG is easier to perform a sustainable serrated flow under fixed 
sample/loading conditions.  
 




Through investigating the shear/fracture surfaces of BMGs in this present work, an 
understanding of the serrated flow and fracture mechanism of BMGs has been 
achieved. The major conclusions can be drawn as follows: 
(1) There are two kinds of zones on the fracture surfaces of bulk metallic glasses, 
one is a relative smooth zone and one is a zone containing vein patterns. The 
morphology indicates that the plastic deformation process starts with a 
cooperative shear, corresponding to the smooth zone. Depending on the 
magnitude of this shear, the subsequent catastrophic fracture (characterized with 
vein patterns) may or may not occur.  
(2) The length scale of a single shear has been found to increase with the sample 
size and decrease with the machine stiffness, serving as a measure of the 
shear-band instability level based on our previous SBI theory. An estimation of 
the temperature rises in the shear band (due to the work done during the shear) 
based on quantitative measurements of the shear reveals that: the temperature 
rises in small samples are insignificant, leading to the serrated flow and the 
striation pattern, while those in large samples are sufficiently high so that the 
temperatures in the shear band are over their glass transition or even over their 
melting temperature, leading to the catastrophic fracture characterized by the 
vein patterns. 
(3) The results of a collaborative simulation work also point out that the active shear 
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bands are not necessarily hot, and further demonstrate the definite conditions 
where sustainable serrated flow can be obtained. Several material properties 
have been indicated to correlate with the plasticity/ductility of MGs. These 
findings provide guidelines to search for BMGs with high plasticity/ductility. 
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6.1 Summary of results 
 
The dissertation explored the nature of the strength, plasticity and fracture of BMGs 
through investigating their shear band behaviors. The major results are summarized as 
follows: 
(1) A detailed reliability analysis was conducted on (quasi-) brittle 
(Zr0.48Cu0.45Al0.07)100-xYx (x=0, 0.5, 1, 2) BMG samples tested under 
compression, using 3-parameter Weibull model. In particular, the location 
parameter of the 3-parameter Weibull was used to characterize the presence of 
the critical failure-free stress, i.e. the stress below which there is no failure. And 
the Weibull modulus was used to characterize the data variability. It was found 
that as Y content increases from 0, 0.5%, 1%, to 2%, the FFS of the 
corresponding Zr-based BMG decreases from 1677, 1544, 1430, to 1116 MPa, 
6. Concluding remarks 
122 
showing a trend of continuous decrease. Such characterization of FFS then 
resulted in almost identical estimates for the Weibull modulus of around 6 for 
these BMGs, which has been realized to be rather high compared with the 
Weibull moduli of various engineering materials. The high Weibull modulus 
indicates the high strength uniformity of BMGs. Furthermore, the consistent 
Weibull moduli of these BMGs agree well with the fact that they have the same 
failure mode, i.e., a shear event along one dominant shear band. Accordingly, 
the continuous decrease in the FFS demonstrates that the reliability of the alloy 
decreases with the increasing content of Y. Compared with the 2-parameter 
Weibull, the use of the 3-parameter Weibull provides a more interpretable and 
accurate reliability assessment of BMGs. 
 
The following studies were conducted on an intrinsically plastic 
Zr64.13Cu15.75Ni10.12Al10 BMG and focused on the shear band behaviors on and 
after yielding. 
(2) Through uncovering the true load-bearing area of the BMG samples under 
various distinct deformation modes, the critical stress for continuous shear 
banding was found to be invariant in each case over a large plastic strain. This is 
contrary to the previous observation of apparent “strain-softening” and 
“strain-hardening”, where the proper true load-bearing area was perhaps not 
considered. With an understanding of the mechanism of yielding and thus the 
origin of yield strength, the critical stress for the repeated shear bands initiation 
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is believed to be controlled mainly by the atomic cohesive energy and not 
affected by the possible configurational rearrangement within the shear bands.  
(3) It was found that the BMG tested under compression can either plastically 
deform through simultaneous operation of multiple shear bands (defined as a 
stable behavior) or along one dominant shear band (defined as an unstable 
behavior). Significantly, whether or not the BMG stably deforms was 
demonstrated to be governed by a single system parameter, termed as the 
shear-band instability index (SBI), which is proportional to the sample size and 
inversely proportional to the machine stiffness. This index sets the condition 
where stable shear banding and even high plasticity can be obtained in BMGs, 
i.e., small samples on stiff machines. Since most of the previously reported 
results on the mechanical behavior of MGs are perhaps entirely interpreted 
without incorporating the influence of the testing machine, the concept of SBI is 
of fundamental importance for a shift of paradigm in the future study of MGs. It 
is also realized that this theory should not be limited to compressive responses 
of BMGs. Sustained tensile ductility may also be achievable under sufficiently 
small sample size and large enough machine stiffness. We further expect that the 
SBI theory can also be introduced into other materials which intrinsically have 
instability mechanisms. 
(4) It was demonstrated that the catastrophic fracture of BMGs always follows a 
prior cooperative shear event, which results in a temperature rise in the shear 
band larger than the glass transition or even melting temperature of the BMG. It 
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is that the origin of the catastrophic fracture is the rising temperature. Moreover, 
the length scale of a single shear event was found to increase with the sample 
size and decrease with the machine stiffness, serving as a measure of the 
shear-band instability level based on the previous SBI theory. And the small 
shear leads to insignificant temperature rises in the shear band. That explains the 
extensive serrated flow without catastrophic fracture observed in several cases, 
such as in small sized samples. A collaborative simulation work also pointed out 
that the active shear bands are not necessarily hot, and further demonstrated the 
definite conditions where sustainable serrated flow can be obtained. Several 
material properties have been indicated to correlate with the plasticity/ductility 
of MGs. These findings provide guidelines to search for BMGs with high 
plasticity/ductility. 
 
6.2 Future work 
 
This thesis presents several original studies on the strength, plasticity and fracture of 
monolithic BMGs, aiming to improve their mechanical reliability, and preferably 
enhance their plasticity. The theoretical models proved with experiments provide 
insights for the structural design and even material design to achieve high plasticity in 
monolithic BMGs. Based on the current understanding, the following points are raised 
for future study: 
6. Concluding remarks 
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(1) The SBI theory presented in Chapter 4 quantitatively illustrated the effects of 
sample size and machine stiffness on the stability/plasticity of BMGs under 
compression. It is plausible that this theory should be applicable to the tensile 
loading condition as well. It will be meaningful if a stability/instability map for 
a certain BMG under tensile loading could be established. Moreover, after 
realizing that the elastic energy released from the machine promotes the 
instability of shear band, designing a BMG/polycrystalline metal coupled 
component to alleviate the elastic energy released from the machine to the BMG 
sample should be promising to suppress the instability of shear band. The 
BMG/polycrystalline metal coupled component is expected to have reasonably 
high strength and high plasticity, which has practical importance. 
(2) The theoretical modeling result presented in Chapter 5 indicates that (σys-σyk), E, 
Tg, ρ, cp and α are the materials properties that control the stability of a shear 
band. Specifically, BMGs with smaller EY (or equivalently Tg) and (σys-σyk), and 
larger ρ, cp and α should principally be more plastic. This opens the door for the 
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The failure data of samples made from four BMG alloys (Zr0.48Cu0.45Al0.07)100-xYx 
(x=0, 0.5, 1, 2) were subjected to the 3-parameter Weibull statistical study in Chapter 
2. The following Table a1, a2, a3 and a4 list the failure stress (σi) and the failure 
probability (Fi) of all samples for alloys (Zr0.48Cu0.45Al0.07)100-xYx at x=0, x=0.5, x=1 
and x=2, respectively. 
 
Table a1. The failure stress (σi) and the failure probability (Fi) of all samples for alloy 
Zr48Cu45Al7. 
Rank σi (MPa) Fi Rank σi (MPa) Fi 
1 1790.6 0.017857 15 1867.7 0.517857 
2 1799.8 0.053571 16 1868.5 0.553571 
3 1817.2 0.089286 17 1873 0.589286 
4 1820 0.125 18 1878.5 0.625 
5 1822.3 0.160714 19 1880.6 0.660714 
6 1827.1 0.196429 20 1883.6 0.696429 
7 1834.6 0.232143 21 1884.1 0.732143 
8 1837 0.267857 22 1885.2 0.767857 
9 1844 0.303571 23 1886.5 0.803571 
10 1845.4 0.339286 24 1887.7 0.839286 
11 1845.8 0.375 25 1892.2 0.875 
12 1852.1 0.410714 26 1895.2 0.910714 
13 1852.7 0.446429 27 1897.1 0.946429 
14 1867.5 0.482143 28 1897.9 0.982143 
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Table a2. The failure stress (σi) and the failure probability (Fi) of all samples for alloy 
(Zr0.48Cu0.45Al0.07)99.5Y0.5. 
Rank σi (MPa) Fi 
1 1666.5 0.018519 
2 1698 0.055556 
3 1713 0.092593 
4 1714 0.12963 
5 1714.8 0.166667 
6 1715.3 0.203704 
7 1727.2 0.240741 
8 1731.6 0.277778 
9 1741.9 0.314815 
10 1750.1 0.351852 
11 1750.5 0.388889 
12 1755 0.425926 
13 1756.5 0.462963 
14 1756.6 0.5 
15 1758.7 0.537037 
16 1763.8 0.574074 
17 1766.8 0.611111 
18 1767.5 0.648148 
19 1770.7 0.685185 
20 1778.7 0.722222 
21 1788.2 0.759259 
22 1790.5 0.796296 
23 1792.1 0.833333 
24 1793.5 0.87037 
25 1802.2 0.907407 
26 1816.4 0.944444 










Table a3. The failure stress (σi) and the failure probability (Fi) of all samples for alloy 
(Zr0.48Cu0.45Al0.07)99Y1. 
Rank σi (MPa) Fi 
1 1636 0.016667 
2 1639.1 0.05 
3 1671.3 0.083333 
4 1678.3 0.116667 
5 1690.3 0.15 
6 1704.3 0.183333 
7 1705.9 0.216667 
8 1713.5 0.25 
9 1730.4 0.283333 
10 1736.8 0.316667 
11 1741.2 0.35 
12 1757 0.383333 
13 1762.7 0.416667 
14 1765 0.45 
15 1772.2 0.483333 
16 1772.8 0.516667 
17 1774.1 0.55 
18 1776.7 0.583333 
19 1777.3 0.616667 
20 1792.5 0.65 
21 1794.3 0.683333 
22 1802.5 0.716667 
23 1805 0.75 
24 1808.5 0.783333 
25 1811.9 0.816667 
26 1823.9 0.85 
27 1824.9 0.883333 
28 1842.8 0.916667 
29 1856.5 0.95 









Table a4. The failure stress (σi) and the failure probability (Fi) of all samples for alloy 
(Zr0.48Cu0.45Al0.07)98Y2. 
Rank σi (MPa) Fi Rank σi (MPa) Fi 
1 1430.4 0.010638 25 1660.5 0.521277 
2 1471.5 0.031915 26 1663.6 0.542553 
3 1493.1 0.053191 27 1675.3 0.56383 
4 1518.5 0.074468 28 1676.7 0.585106 
5 1528 0.095745 29 1681.8 0.606383 
6 1531.5 0.117021 30 1683.1 0.62766 
7 1541.7 0.138298 31 1686 0.648936 
8 1568.8 0.159574 32 1689.7 0.670213 
9 1581.3 0.180851 33 1698.9 0.691489 
10 1586.3 0.202128 34 1702 0.712766 
11 1597.2 0.223404 35 1708 0.734043 
12 1601.6 0.244681 36 1708.7 0.755319 
13 1621.1 0.265957 37 1717.3 0.776596 
14 1622 0.287234 38 1718.5 0.797872 
15 1624 0.308511 39 1718.9 0.819149 
16 1628.2 0.329787 40 1724.3 0.840426 
17 1636.2 0.351064 41 1730.3 0.861702 
18 1640.8 0.37234 42 1733 0.882979 
19 1645.7 0.393617 43 1739.2 0.904255 
20 1646.3 0.414894 44 1743.9 0.925532 
21 1654.7 0.43617 45 1747.4 0.946809 
22 1657.6 0.457447 46 1750.7 0.968085 
23 1658.2 0.478723 47 1779.7 0.989362 
24 1659.5 0.5    
 
